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ABSTRACT 
 
The central rift of the Red Sea has 25 brine pools that vary in their physical and geochemical characteristics, 
three of which, Atlantis II (ATIID), Discovery Deep (DD) and Kebrit Deep (KD), have high salinity, 
temperature and metal content. Previous studies reported bacterial and archaeal inhabitants in these brine pools, 
but few studies addressed the viral communities. Therefore, sediment cores and water samples were collected 
from ATIID, DD, KD brine pools in addition to a neighboring two brine-influenced sites. Shotgun DNA 
pyrosequencing was performed to all samples. Sediment-specific reads were generated and annotated. The 
phylogenetic and biochemical uniqueness of the deepest ATIID brine pool sediments was clearly reported with 
unique viral signature for the deepest two layers. Bacteria dominate the deepest ATIID sediments sections 
whereas viruses are more prevalent in other sediment sections. Water samples were also collected and analyzed 
for their viral community. Water and sediment samples were analyzed using different approaches. The 
traditional method of analysis was used in addition to another approach called Genome relative Abundance and 
Average Size (GAAS) approach which showed that there is an enormous data that was overlooked using the 
classical method. GAAS estimates both viral abundance and the average genome size for each section to 
overcome the disadvantage of sampling bias during viral analysis. Different sections showed different viral 
communities and different average genome sizes based on different stressors. Shannon diversity index, richness 
and evenness were calculated for each section to obtain accurate estimates of viral inhabitants. Our results 
showed that there is direct relationship between viral diversity and average genome sizes. Interestingly, 
prophages and gene transfer agents (GTAs) were also identified in the analysis of the Red Sea brine pools such 
as Rhodobacter phage. It was linked to horizontal gene transfer, viral diversity and evolution. Other 
hydrothermal vents were also analyzed for their viral communities and compared to the Red Sea brine pools. 
The highest Shannon diversity index was estimated in the Red Sea hydrothermal vent which renders the Red 
Sea environments more unique and distinct from other hydrothermal vents. 
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1. Literature review 
1.1 General description of the Red Sea brine pools 
The Red Sea rift is formed by the slow spreading motion of the African plate and the Arabian plate along 
its length starting from the north at the Dead Sea rift to the south Afar triple junction of Aden ridge and East 
African rift (Figure 1) [1]. Red Sea brine pools were formed over millions of years due to tectonic movements. 
Evaporate strata are layered on the initial Earth‟s crust of cooled volcanic basaltic basement layer, upon which 
modern sediments accumulate. Hydrothermal and volcanic processes within the Red Sea rift are similar to those 
in other ocean rifts. The boundary between the thinned continental crust and the ocean crust extends through the 
central part of the Red Sea basin. The northern section of the Red Sea splits to the west into Gulf of Suez and to 
the east into Gulf of Aqaba (Figure 2) [1, 2]. 
Twenty five deep brine pools are discovered in the Red Sea to date (Figure 3) [1, 3-5]. They are formed as 
a result of the dissolution of evaporitic deposits followed by the movement of high salinity water to the sea floor 
and accumulation of geographical depressions. They are challenging environments with unique conditions such 
as low oxygen content, high salinity, high pressure, high heavy metal content, and high temperature. The Red 
Sea brine deep seawater form sharp interfaces with stepwise gradient in conditions of salinity, PH, oxygen, 
density and temperature illustrated in Atlantis II deep (ATIID) (Figure 4). This physicochemical gradient 
provides niches in microbial biota as it was suggested that more than half of the ocean crust is hydrologically 
active [6, 7]. This study focuses on three interesting anoxic brine pools: Atlantis II Deep, Discovery Deep (DD) 
and Kebrit Deep (KD).  
Atlantis II Deep          ,        E  is the largest  ed  ea brine pool with temperature   .    , the 
highest among Red Sea brine pools [8]. It is an irregular shaped brine pool with high salinity up to 26.2% 
(approximately 7 times the normal sea water), slightly acidic PH 5.3. It is 2200 m deep, 14 km long and 5 km
 
wide covering an area of 60 km
2
. Oxygen is nearly absent at higher temperatures, in the ATIID lower brine 
layer [9, 10]. Its sediment thickness is 10-30 m [6, 11]. The brine layer is vertically structured in paired layers 
comprising a vertically homogeneous convective layer and a thinner interface with steep vertical temperature 
gradient across which heat and salt are transported. It is 200m thick and is divided into upper convective layer 
(ATII-UCL) and lower convective layer (ATII-LCL) and recent studies classified ATII-UCL into 3 layers [8]. 
ATIID is connected with DD           ,        E  via subsurface connections. Both ATIID and DD have 
similarities in physical conditions yet, in the last decades there are some acquired changes in ATIID. 
Interestingly, it was observed that there is a gradual increase in temperature of ATIID, while DD remained 
unchanged [12-14]. DD brine pool has milder conditions than       with temperature   .   C, depth 2237m, 
PH 6.4, 2.5 km width, and 4 km length [15, 16]. 
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Kebrit Deep (KD)    °   ,   °   E  brine pool, located at the North of the Red Sea. It is one of the 
smallest brine pools in the Red Sea. The basin is 84 m thick, anaerobic, pH 5.5 with a high salinity of 26% and 
its temperature is 23.3°C. It is a single oval shaped basin of depth 1549 m. Kebrit Deep is named after the 
Arabic word for sulfur (kebrit) as it has high contents of Hydrogen Sulfide (H2S). No significant changes have 
been observed in Kebrit Deep over the last 20 years [13].  
Finally, two non-brine sites (NB1 and NB2) (1,856 m; 21.93 °C and 1,937 m; 31.87 °C respectively) are 
included in this study to act as a control to both ATIID and DD extremes in biotic analysis [6, 17] 
 
1.2 Previous microbial studies in the Red Sea brine pools 
Different microbiological studies, via culture dependent and culture independent techniques, have been 
conducted on Red Sea hypersaline brine pools. For instance, research work was performed on water column 
overlying brine pools [18], brine-water interface [19], brine pools sediments [20], and brine water [12, 21]. 
ATIID and DD are disconnected by a sill which is 50 m higher than the brine level. Consequently, it was 
hypothesized that their bacterial habitants can be exchanged in between [22]. Previous studies extensively 
investigated bacterial and archaeal taxa in the Red Sea brine pools and it was found that inhabitants are different 
owing to differences in the geochemical characteristics of the brine pools [17, 19].  
Studies were typically carried out via a bioinformatics tool called the MetaGenomic Analyzer 
(MEGAN) against NCBI database and found that ATIID is dominated by Betaproteobacteria (about 70%) 
while that dominance is replaced by Euryarchaeota (42%) in DD, followed by Betaproteobacteria. In 
addition, DD has high proportions of Firmicutes, Halobacteriales and Deinococcus Thermus if compared to 
ATIID. Further analysis revealed that DD has the highest level of categories representing DNA replication, 
recombination and repair. This supports the fact that phages are highly abundant in DD. The study of 
microbiota in Red Sea hypersaline environments proved that extreme conditions of each brine pool dramatically 
affects the microbial communities and changes the metabolic spectra of each brine pool drastically [12, 16, 23]. 
New series of studies revealed more secrets about microbial communities with development of advanced 
high-throughput DNA sequencing technologies. For example, a study in 2011 revealed bacterial and archaeal 
communities inhabiting the water column overlying both ATIID and DD by 16S rDNA pyrosequencing. 
Another study was done on KD using different approaches to explore its archaeal and bacterial taxa and 
sequencing its metagenome. Novel halophiles were isolated from KD such as Halanaerobium. Taxa analysis 
generated a phylogenetic branch between the Aquificales and the Thermotogales. In addition to that, archaeal 
phylogenetic analysis showed that they belong to kingdom Euryarchaeota [18-20, 24].  
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Bacterial and archaeal habitants are well characterized in the Red Sea brine pools however; little 
information is known about viruses and phages in the Red Sea. Viral communities are the least explored among 
the Red Sea microbial inhabitants.  
 
1.3 Virus’s origin and evolution 
Viruses are the most common and diverse entities on planet Earth, numbering 10 billion per liter. It was 
proven that viruses are 25 times more abundant than bacteria. A study published in 2000 proved that on 
average, each host cell is infected by ten phages. Extrapolations of this number made phages the most abundant 
microbe in the whole world. Phages have a strong impact on the community structure and biomass if the 
infected prokaryotes are killed [25, 26].  
There are many hypotheses about viral evolution. One hypothesis proposes that viruses are some 
accessory genetic material of cells in which a capsid is developed as a  protection from extracellular 
environments [27]. Another hypothesis claims that viruses were developed first as parasitic micro-organisms 
and evolved into a viral-like particles [28]. The third suggestion is that viruses were developed in parallel with 
other cells [29]. In 2006, a group of scientists claimed that DNA was originally aroused in viruses and 
transferred to the whole cellular world through viruses while in 2009, another group of biologists claimed that 
the living part of viruses is the whole viral factory within the infected host cells and not its virion. It was also 
suggested that the structure module of viruses was evolved first and then split to give bacteria and archaea [30-
32].  
Previous work overlooked the role of viruses in the Red Sea and only focused on bacteria and archaea. 
This awakened the interest in studying phages present in harsh environments of the Red Sea [19]. Viruses can 
influence many ecological processes as they mediate lateral gene transfer. Thus, by sequencing the viral 
metagenome, virus-bacteria interactions can be well understood. 
It was proved that viruses play a significant role in the food web, bacterial abundance, microbial 
diversity [33], genetic exchange [34], and biochemical cycles [35]. For example coccolithophores (a group of 
phytoplankton), seen by satellites, sequester carbon dioxide gas into calcium carbonate coccoliths (surface 
scales), end rapidly due to lysis by viral predators [36, 37].  
Viruses are tiny invisible particles which are 20 nm to 800 nm long with their genetic material surrounded 
by a protein coat (Figure 5) [35]. Its size ranges from tiny particles as viroids to giant viruses as Mimivirus [38, 
39]. A cellular host can be infected by more than one virus. Some viruses infect only one type of host while 
other types of viruses can infect more than one type of host. They are dynamic particles in their ecological 
community as they are responsive to changes in the system such as algal blooms. Interestingly, it was found that 
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there is an excessive production of bacteria that has a missing sink and it is suggested that viruses are the reason 
behind that [35, 40].  
 
1.4 Viral-host relationship 
Association between different viruses and their hosts has a great influence on the evolution of both, in 
which divergence in hosts cause divergence in viruses as well. It was suggested that viruses switch their hosts 
therefore, viruses spread efficiently and in a very short time. This reason can make viruses „epidemic‟ if 
pathogenic [41].  
Host-virus relationship has a great impact on shaping the microbial community diversity and 
composition since viruses were identified as key players in bacterial diversity. This hypothesis was confirmed 
by a study in 2007 showing that different strains belonging to the same species have approximately 90% 
similarities in their genome [26, 42]. In addition, metagenomic studies on viromes from different ecosystems 
showed the presence of bacterial genes [43]. Viral characterization will not only provide more insights into 
dynamics of the ecological system, but also interpret their role in biology as well [44-46]. 
Viral host relationship is somewhat peculiar as the nucleic acid of the virus is found in a gene container 
called capsid then injected into the host cell via the tail. This process is directed by sensor fibers to identify the 
host cell [47]. Viruses are either lytic or lysogenic. Lytic viruses inject their genetic material into the host and 
use the host‟s genetic material to produce more viruses, which accumulate inside the host cell till it bursts 
producing new viral particles that in turn may incorporate part of the host‟s genetic material.  he new viral 
particles can infect new hosts and introduce the genetic material of the pervious host to the new one which will 
recombine with the new one. Lytic viruses remove approximately 50% of prokaryotes in marine environments 
and converts their biomass into organic matter which directly has an effect on bacterial production by providing 
a source of dissolved organic matter hence, stimulate respiration [48].  
However, lysogenic viruses have different mechanism of action. They incorporate their nucleic acid into 
the host genome and are known as prophages. Lysogeny can be considered as a management strategy for 
viruses that are not capable to continue the infection chain [31, 49]. It is hypothesized that lysogenic viruses are 
more dominant than lytic viruses as lysogeny is considered as resistance to further infections [50, 51]. Thus, 
viruses have a significant role in the process of “periodic selection” in which each environment selects its 
inhabitants according to their adaptation to its conditions. Consequently, as the conditions of a certain 
environment becomes harsher, the diversity of its inhabitants dramatically decreases, hence viruses maintain the 
diversity of microbial communities through lysogenic conservation and horizontal gene transfer [52, 53]. 
Lysogenic viruses can be converted to lytic ones after they incorporate their genome into the host‟s genome. 
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They have various mechanisms of action as they can serve as anchor points during gene rearrangement and they 
can help in slicing non-essential genes [54].  
Some viruses like retroviruses integrate into the host genome and leave traces of their genome in host‟s 
genome and these traces are named endogenous viral elements (EVEs). Some of them were left as non-
functionally pseudogenes and others even survived as functional ones as the story does not always end by the 
death of host cells [55, 56]. Interestingly, it was found that around 8% of the human genome is derived from 
more than 100,000 retroviral fossils [57, 58]. Finally, there is no clear evidence about the time when viruses 
emerged as there are no physical fossils of viruses.  
Another viral behavior is called pseudolysogeny in which the virus remain in the host cell for few 
generations as the host cell is not able to initiate gene expression due to energy starvation. It is a transient state 
in which the host is unable to multiply the virus genome (lytic) nor to replicate and maintain its survival 
(lysogeny). This phenomenon plays an essential role in phage survival. In this situation, the phage genome 
remains for long periods of time and can be called preprophage [59]. The difference between different 
mechanisms of action of phages is shown in Figure 6 [60]. 
It is estimated that viruses infect 10
23
 hosts each second in oceans. Viruses alter the biochemical cycles; 
introduce new genes into their hosts to the extent that it can change the phenotype of a certain micro-organism 
via a phenomenon called „phenotype switching‟ [61]. Moreover, it has a role in homogenizing the diversity of a 
certain ecosystem. It can be suggested that viruses are key players in their environments as they have both 
evolutionary impact through transduction and gene expression and ecological impact through trophic 
interactions [62, 63].  
It is obvious that viruses have a profound yet, unexplored impact on the ecology of the deep 
hydrothermal vents. A study in 2013 suggested that the biome of the deep biosphere is not homogenous thus, 
the impact of viruses varies between different communities and depends on the location and environmental 
conditions of the ecosystem [64]. 
 
1.5 Viruses discovery in previous studies 
Inspite of the importance of Marine phages (viruses which infect prokaryotes), their majority are 
bacteriophages (viruses that infect bacteria), little is known about their diversity in the Red Sea brine pools. 
Traditional virus discovery required the propagation of the virus in cell culture which is not applicable to many 
viruses. For this reason, characterization of viruses through classical methods is hindered due to many 
difficulties in amplification and cell culture [65, 66].  
In 1979, the first complete nucleotide sequence of bacterial virus ϕX174 DNA was determined (ϕX174 
infects E. coli). The technique used during the early viral discovery and sequencing was named linker-amplified 
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shotgun libraries (LASLs) which consist of sheared DNA fragments that are ligated, cloned into suitable vectors 
and amplified by PCR. The disadvantage of this approach is that it is not suitable for large scale projects in 
addition to cloning biases which has been avoided by the emergence of next generation sequencing followed by 
the introduction of several approaches as a trial to identify viral diversity present in a target community such as 
Nextera protocol [67].  
All previous techniques use PCR amplification which is known to introduce sampling bias. Accordingly, 
high AT or GC content can be underrepresented in the prepared library. In 2011, linear amplification for deep 
sequencing (LADS) technique was introduced which uses transcription instead of PCR where cDNA is obtained 
from transcripts.  evertheless, viruses remained the „dark matter‟ of biology until the emergence of advanced 
computational metagenomics. Recent culture-independent high-throughput sequencing studies also provided 
insights into the most-ever present inhabitants in the Red Sea brine pools [68-71].  
Metagenomics was defined as a cultivation-independent technique where all DNA is extracted 
collectively from a certain niche. Recent advancement of high throughput sequencing techniques  such as: 
Roche/454 GS FLX Titanium sequencer, Illumina Genome Analyzer, etc. has drastically deepened the 
metagenomics field, and made it possible to generate enormous amounts of metagenomic sequences at 
relatively low cost. Investigation of different metabolic pathways and genes within genomes of microbial 
communities is now feasible through DNA sequencing and assembly of large genomic data [72-75].  
Typically, bioinformatics tools are devoted to the identification of different ecological niches via 
metagenomic sequence analysis. It revolutionized phage discovery and ecology [76, 77]. However, not all 
softwares can be used to profile viral sequences as they are not efficient in characterizing such complex 
communities. Recently, the situation has dramatically changed. In 2002, the first viral metagenome was 
published. The development of bioinformatics together with the expansion of new, fast and reasonable 454 
pyrosequencing in 2006 opened huge gates for viral metagenomic analysis. In 2008, the overall number of viral 
studies increased dramatically (Figure 7) [70, 78, 79]. 
 
1.6 Challenges in studying viruses 
There is a set of challenges in analysis of viral metagenomes as it produces mountains of data that is 
hard to be analyzed. Besides, the removal of metagenomes, which may be present as contamination, such as the 
host DNA is time consuming [80].  
Phages infect bacteria specifically, each phage has a narrow number of hosts and not all hosts are easily 
cultivated in culture media (<1%) [81, 82]. Furthermore, particle enumeration is not a true reflection of viral 
abundance because phage nucleic acids can be packaged in free phage particles, or hidden within bacterial and 
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archaeal genomes [83, 84]. Typically, phages can be seen under electron microscope, but pictures obtained are 
of low resolution and do not show viral morphology clearly [25]. 
Another difficulty is that most of viral genomes are poorly annotated using classical methods. For 
example, the widely used databases of orthologous proteins as KEGG, that typically integrates genomic with 
systemic functional information, do not consider virus proteins at all. 
Although the NCBI viral genomic project provides information on orthology and paralogy of viral 
proteins, detailed studies into families and their evolution are largely lacking [85, 86]. The main challenge lies 
in the incomplete previous knowledge of existing phages and their diversity. Basically, viral metagenomic 
analysis takes places by annotating the viral sequences against existing reference databases. Unfortunately, it 
gives inaccurate results as there are many viral metagenomes which do not resemble any existing reference 
database and there are no common genes to all viral genomes. The reason is that viruses do not have universal 
conserved regions to be used as markers [58, 87-89]. In addition, similarity-based analysis such as best blast hits 
are not convenient for viruses since it disregards an overwhelming amount of information and generate high 
percentages of unknown sequences [78, 90, 91]. 
Viral sequences are divergent and require a tool to compensate their fast mutations. In 2011, a tool was 
generated by a group of virologists called Phamerator. It uses pairwise comparisons to categorize protein-
coding genes into families of related sequences. It relies on similarity calculations; however, it is of low 
sensitivity [92]. 
Phylogenetic trees are excellent in representing and describing evolution and taxonomy in literature 
[93]. Nonetheless, viruses have some characteristics in which using phylogenetic trees will not be the best idea 
for representation [94]. First of all, there is strong difference in the evolution rates of viruses. Rate of viral 
mutations cannot be predicted as it is either very high and can be noticed in a short time even observed over 
days or low and observed over years (long-term). Second, there is always an evolutionary relationship between 
viruses and their hosts that phylogenetic trees could not represent. They are complex due to horizontal gene 
transfer and interspecific recombination. A trail to construct a phylogenetic tree for phages was performed and 
very few phages with different genome lengths and morphology were connected to this tree [88]. Association of 
phages having the same nucleic acids in their genome is a challenge as there are a lot of arguments in the 
polyphyletic origin of phages [95].  
 
1.7 Viral metagenomic analysis 
The most popular tool to estimate the composition of a certain community is called 
MEtaGenomeANalyzer (MEGAN) (wwwab.informatik.unituebingen.de/software/megan) [96, 97]. It mainly 
depends on the best similarity hits. However, this method generates huge amounts of unknown sequences. In 
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addition, the best similarity is not always from the most closely related organism [98, 99]. As a result, 
mathematical methods which depend on contig assembly disregarding similarities to known sequences were 
developed. These methods require the knowledge of the average genome length as it is an indicator of the viral 
diversity and it takes a potentially large range spanning 3 orders of magnitude.  
Average genome length is a fundamental property of each environment and driven by many factors at 
the sub-biome level. Since a metagenomic data set is considered as a sample of all the DNA in an environment,  
therefore, any genome is more likely to be represented in that sample if it is more abundant or larger in size. 
Hence, normalizing the hit counts to the length of the genome to which they are recruited is of great 
significance. Moreover, previous studies confirmed that microbial average genome length relates to the 
stressors of the environment and the distribution of genome lengths describes community diversity [100]. 
Luckily, this hypothesis is confirmed in our results. For example, temperature stressed corals showed a dramatic 
increase in fungal taxa.  
Calculating the average genome length gives more accurate picture of community complexity as longer 
average genome lengths indicate higher complexity. Furthermore, it solved the drawback of sampling bias via 
genome length normalization. Sampling bias was a major drawback in viral metagenome analysis; as larger 
genomes produces more fragments of a given size which are more likely to be sampled even if they have the 
same relative abundance as smaller genomes (Figure 8) [101].  
Average genome length can be determined by Pulsed-Field Gel Electrophoresis (PFGE) technique but it 
has some limitations as a single band can contain different DNA sequences [102-104].  
Each step in viral analysis is not easily automated due to many technical limitations. To circumvent 
these limitations, establishment of a consistent workflow that can face challenges in viral analysis is of great 
significance. Recently, many computer-assisted studies were tailored for viral genomic analysis and to assess 
some biodiversity parameters as Shannon diversity index [105], evenness and richness [100]. 
Shannon diversity index (H) is a mathematical representation of how the species present in an ecosystem 
are different. It is represented by the following equation: 
H= -Σ pi ln pi 
 The total number of species pi is multiplied by the natural log of this proportion (lnpi). The product is 
summed up to indicate viral diversity. Richness of a certain ecosystem is simply counting the number of species 
while evenness which can be termed equability (E), indicates that all genomes are represented equally and is 
represented by:  
E= H/ln n Phages 
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All genomes are evenly distributed if H equals 1. It is a scale from zero (low evenness) to 1 which 
indicates that all species are equally abundant. Mathematical simulations proved that there is a strong 
relationship between the three terms [106].  
 
1.8 Genome relative Abundance and Average Size (GAAS): 
 Interestingly, in 2009, Angly et al. and his colleagues were able to develop a bioinformatic tool that is 
able to calculate the viral genome length and relative abundance simultaneously called Genome relative 
Abundance and Average Size (GAAS) [101, 107]. GAAS can be applied to small viral communities that lack a 
universal common genetic element [88].   
GAAS results are not affected by the read length and it does not affect the accuracy of average genome 
length estimates. Therefore, GAAS can operate on sequences from a variety of available technologies that give 
short, medium and long sequences produced from reversible chain termination sequencing, Roche 454 
pyrosequencing and synthetic chain-terminator respectively [108].  hat‟s why G    is considered one of the 
most suitable techniques used in disease outbreaks caused by small RNA viruses.  
GAAS approach was benchmarked using simulated viral genomes. The accuracy of GAAS estimates 
was evaluated by comparing GAAS results to actual community composition and average genome size of the 
simulated metagenomes. 
This study will discuss some mathematical and statistical approaches for estimating the abundance and 
distribution of phage genomes in the Red Sea and compare them with phages from different ecological systems. 
Experiments using those metrics individually showed their usefulness in emphasizing the ubiquitous, yet 
uneven, distribution of phage sequences in different environmental metagenomes. 
 
1.9  Other hydrothermal vents  
Other hydrothermal vents which are comparable to the Red Sea brine pool‟s environmental conditions 
were analyzed for comparative purposes. This comparison will provide more insights into whether there are 
common phages to all hydrothermal vents or not and whether the Red Sea has some unique characteristics that 
is not found in other vents or not. Moreover, it will help to get a deeper look into the biodiversity of the Red Sea 
and compare it to other vents. All the following bioprojects were analyzed using the same approach used in the 
Red Sea analysis with the same parameters for comparative analysis.  
 
 Juan de Fuca Ridge Hydrothermal Vent Metagenome in the Pacific Ocean 
  Samples were isolated from the hydrothermal water in 2010. This bioproject‟s aim was to 
sequence and annotate more than 200 diverse marine phages. DNA sequencing was carried out using 454 GS 
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FLX Titanium technology. A study published in February 2016 investigated its bacterial community and metal 
content [109]. This hydrothermal vent was formed as a result of chemical interaction between hot fluids and sea 
water when the Juan de Fuca Plate and the Pacific Plate were separated. It is associated with tectonic features 
[110]. Its length is 300 miles along the coast of Washington and Oregon. It is a sulfur rich hydrothermal vent 
with its plumes looking like black clouds, thus the vent is called „black smoker‟.  ts temperature is    °C [111]. 
Its bioproject accession: PRJNA47471 
 
 East Pacific Rise (EPR) 
 It separates the Pacific Plate to the west from the North American Plate. Its depth is 160 km [112]. The 
fluids are in a vapor form due to its high temperature as a result of volcanic eruptions (350 ± 30 °C) [113, 
114]. Its bioproject accession: PRJNA47487 
 
 Samples from Guaymas hydrothermal vent uncultured phage metagenome  
Samples were isolated as free ssDNA from diffuse flow hydrothermal vent seawater. Samples were 
taken from the southern trough of the vent called  ebecca‟s  oost which is located on a sulfide structure (27° 
  .     , −   °   .    W; placed near a Riftia patch near top). This vent is characterized by its high 
temperature reaching 300 °C, the presence of hydrothermal petroleum (sediments and sediment-water 
interface), radiocarbon 
14
C, and high percentage of organic carbon deposits reaching 4% of sediments [115].Its 
bioproject accession: PRJNA47487.  
 
 Metatranscriptomic data from a population of Marine Group I Archaea obtained from the Gulf of 
California  
This project is focused on using metatranscriptomics to examine the microbial ecology of hydrothermal 
vent plumes (     and  99  m) and surrounding water (     and  9   m) in the Guaymas Basin in the Gulf of 
California. Sulfur oxidation genes were found to be abundant in its transcriptome [116]. Its bioproject 
accession: PRJNA72707  
 
 
 Chimney of hydrothermal Vent Metagenome (microbes colonizing hydrothermal vent chimneys) 
Samples were taken from microbes colonizing a flank of the Sisters Peak of hydrothermal vent 
chimneys located along the Mid-Atlantic Ridge at 4°48'' S and maximum recorded temperature 464 °C. 
Samples were taken from hydrothermal vent chimneys. Upon reaching the ocean-crust interface, these fluids 
precipitate sulfide minerals to create sulfide chimneys [117]. Its bioproject accession: PRJNA76611 
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 Guaymas basin metagenome  
Samples were collected from the deep sea hydrothermal vent plumes in the Guaymas. It is located in the 
Gulf of California. Its depth is 2000 m and its temperature reaches 300°C. It is a unique hydrothermal system as 
its microbial inhabitants are involved in methane and sulfur cycles. It harbors thermophiles strains of bacteria 
and archaea [118-120]. Its bioproject accession: PRJNA77837 
 
 Microbial metagenomics in different depths of the terrestrial mud volcanoes, southwestern Taiwan, 
C307 metagnome  
Samples were taken from different depths in a terrestrial mud volcano. Its bioproject Accession: 
PRJNA7895 
 
 Shallow-sea Hydrothermal Systems Metagenome  (Offshore NE Taiwan) 
Shallow-sea vents are located near marine volcanoes with a temperature range 30 °C to 116 °C. Their 
depths do not exceed 200 m. Samples were taken from the hydrothermal plume and the shallow sea water of the 
vent (   °   E,   °   , depth:   .  m,  9 °C, PH 4.8) [121].  Its bioproject accession: PRJNA178514 
 
 Loki's Castle Metagenome 
It is located in the mid-Atlantic ocean, on the Mid-Atlantic ridge, between Greenland and Norway. Its 
depth is approximately 2357 m and its temperature is reaches 300 °C [122]. Samples were taken from the 
biofilm vent chimney at   °  .9  ,   ° 9.   E [123]. Its bioproject accession: PRJNA266758 
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2 Materials and Methods 
2.1 Samples collection, DNA extraction and pyrosequencing 
Core sediments and water samples were collected in spring 2010 and 2011 during KAUST Red Sea R/V 
Aegaeo expeditions in collaboration with AUC, HKUST and WHOI. This was the second expedition for 
KAUST; as the first one was in 2008.  amples were taken from:  tlantis     eep          ,        E, 
temperature 68.1 °C and 2,168 m depth ,  iscovery  eep           ,        E, 45.03 °C and 2,180 m depth) and 
Kebrit deep    °   ,   °   E . ATIID and DD sediment‟s core samples were then divided into seven 
subsections based on the lithological differences. Nevertheless, DD did not show distinct lithological 
differences, it was divided into subsections analogous to ATIID for comparison purpose. These subsections are 
ordered from the bottom part (ATII-1, DD-1) till the uppermost part (ATII-7, DD-7). 
Samples also were taken from other two neighboring non-brine sites NBI (21° 24.532”  -   °   .   ” 
E,   .9  °  and      m depth  and  B      °   .   ”  -   °   .   ”E,   .   °  and  9   m depth . Samples 
were collected by 37 cm long multicoring. 
Water samples were collected by Niskin bottles attached to rosette. Around 120 liters from each brine 
layer was sequentially filtered by different pore sized mixed nitrocellulose/cellulose acetate filters (  μm,  .  
μm and  .  μm   Millipore,  reland .  ucrose buffer was used to protect     which was then extracted from 
microbial cells trapped on the  . μm filters [124, 125]. Twelve water samples were investigated from different 
sites and different depths as follows:  
From ATII (50m, 200m, 500, and 700m): AT0050m: water column 50m, AT0200m: water column 
200m, AT0700m: water column 700m, AT0500m: water column 500m, ATBRIN: brine water interface, 
ATBRLCL: lower convective layer, ATBRUCL: upper convective layer, DDBRINE: Discovery Deep brine, 
DDBRIN: Discovery Deep brine-water interface, KDBRINE: Kebrit Deep brine, KDBRLIN: Kebrit Deep 
lower interface, KDBRUIN: Kebrit Deep upper interface.  
All samples were kept frozen at -20 °C at AUC laboratory till further analysis  [126]. DNA extraction 
procedure was done using the PowerSoil® DNA Isolation Kit (MO-BIO) and direct metagenomic DNA 454 
shotgun pyrosequencing library was constructed by GS FLX Roche Titanium guide, and Double SPRI Method 
for magnetic bead DNA fragment size selection [127, 128]. Quality trimming was performed with 97% base 
calling accuracy and sequences below 60 pb were removed. Moreover, if ambiguity characters of sequences 
exceed 5% of their length, they were removed [129]. 
 
2.2 Generation of sediments only reads 
Sixteen different lithologic sediment sections were subjected to shotgun DNA pyrosequencing to 
generate 1.47 billion base pairs (1.47 × 109 bp). Sediment‟s reads were labeled and pooled. All to all 
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mpiBLASTn alignment was done with reads of overlying water column and brine with minimum overlap of 40 
bp and minimum identity of 90%. Default criteria were used with soft masking enabled [130-132]. For ATIID 
subsections, ATIID water column and brine samples were subtracted. For DD subsections, ATIID water column 
and DD were subtracted. Finally for NB sections, ATIID water column was subtracted.  
 
2.3 Computational analysis 
2.3.1 Protein based phylogeny of sediments only reads using NCBI database 
Analysis for Red Sea sediments was carried out using MEGAN (www-ab.informatik.uni-
tuebingen.de/software/megan) [97, 133]. It is a widely used taxonomic analysis program that uses the lowest 
common ancestor algorithm for designating a phylogenetic taxon such that the used hits lie within the default e-
value cut off (10e-5). Analysis was done against NCBI database (http://www.ncbi.nlm.nih.gov) [130]. It was 
downloaded in 2013 and a maximum of 100 hits per query read is applied. The reads were annotated by 
mpiBLASTx alignment to NCBI nr protein database using default search criteria.  
 
2.3.2 Genome relative Abundance and Average Size (GAAS) approach 
GAAS is a bioinformatic standalone software package freely available online 
(http://sourceforge.net/projects/gaas/). It uses various corrections to obtain accurate results. GAAS software was 
installed with its external dependencies; Perl, NCBI BLAST v
2
. Perl dependencies packages were also installed; 
Getopt, Math, SVG, CSS, Bio, Statistics, MLDBM, C compiler and Win32. The Red Sea metagenome was 
introduced as fasta sequences. GAAS runs BLAST which determines significant similarities between input 
metagenomic sequences and completely sequenced genomes.  
 
2.3.2.1 Workflow of the software 
GAAS implements tBLASTx  (p<0.001, Mann-Whitney U test) and mainly depends on the relatively 
stable genome size found within taxa [134] . Filtering criteria is based on a combination of various parameters 
as: the maximum E- value (10e-6), minimum similarity percentage 75%, and minimum relative alignment 
length (alignment coverage) which is the ratio between the alignment length to the query sequence length and it 
is independent on the size of the database used. E-value filtering removes non-significant similarities while the 
two other parameters were implemented to select strong similarities. Sequences were kept only if the length of 
the alignment represents the majority of the query length while sequences which do not follow these filtering 
criteria are ignored. Average genome length is calculated as a weighted average of individual genome lengths.  
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GAAS approach provides more accurate estimates than other methods as it does not rely only on E-
value but also, assigns significant similarities to statistical weights. The abundance index was calculated as the 
number of hits to phage genomes normalized to the metagenome size in base pairs. It is calculated through 
mathematical equations in such a way that the lower the weight, the larger the expect value. According to 
Karlin-Altschul equation, the expect value between a metagenomic query sequence (i) and a target sequence (j) 
is Eij = mi  n e
-sij 
where (mi) is the length of the query sequence, (n) is the database size and sij represents the high 
scoring pair score. According to Angly et al., it was suggested that the longer the target genome, the more 
similarities it has with the query sequence. Consequently, each of the e-values can be translated into another 
expect value, F-value (Fij), of a similarity in a given target genome represented by the following equation: Fij = 
mi  tj e
-sij  
= Eij tj / n , where tj is the target genome (j)
 
length. By using tj in the equation, the expect value will 
represent the target genome and not the totality of the used database as in the case of e-value [130, 135]. 
Statistical weights can be calculated from F-value as Wij = Zi / Fij where Zi is a constant such that Σ Wij =1. Wij 
carries the statistical meaning of the expect value. It carries the statistical meaning of the value expected to each 
similarity in comparison with the given genome in a way such that the lower the weight, the higher the expect 
value. Therefore, it can be represented by: 
Wij = Zi/Eij tj. 
  In order to obtain correct relative abundance, the weighted similarities are then normalized to the 
average genome length for each target genome so that the assessed relative abundance of sequences is directly 
proportional to the genome lengths and the relative abundance of genomes. For each target genome (j), the 
weights (Wij) to that genome were added together to obtain Wj which is then normalized to the actual length (tj) 
where Wj = X/ tj and Σ Wj =1 [136]. Moreover, confidence intervals for abundance were generated by GAAS 
through a bootstrap procedure. GAAS software workflow can be summarized as follows: 
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All water and sediment samples were reanalyzed using GAAS approach for comparative purposes. The 
relative abundance output of this study is visualized by a powerful metagenomic visualization tool called krona 
that uses JavaScript and HTML5. Krona is able to visualize taxa across multiple levels simultaneously. Krona is 
freely available at (http://krona.sourceforge.net). It is easily adopted as it is a browser-based tool and generates 
results in the form of html files. It stores the data in a web page, resembles the data in the form of pie charts in 
which nodes are sorted by decreasing magnitude with respect to each other [137]. 
 
2.3.2.2 Reference databases for viral metagenomes 
In our study using GAAS approach, PhAnToMe (PHage ANnotation TOols and Methods) database 
freely available at http://www.phantome.org/Downloads/  was used as the target database for the estimation of 
taxonomic composition and average genome size. The database included all sequenced phage genomes and 
prophages. It is a rapid annotation pipeline for phage genomes funded by the National Science Foundation 
(NSF) at San Diego State University, University of South Florida, University of Arizona, and University of 
Virginia. It comprises dozens of up to date viral metagenomes. The used database was downloaded on 1-9-
2015. It is an updated and comprehensive phage database which is more accurate and convenient for viral 
metagenome analysis than NCBI database as it provides high quality annotations [138].  
Select strong similarities 
 
Weigh multiple similarities to a genome 
 
Sum weights to each genome 
 
Removes non-significant similarities (e-value) 
 
Sum weights to each taxon 
 
Normalization to the genome size and 
calculate relative abundance 
 
BLAST the metagenome against selected db 
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Analysis steps of this study can be summarized as follows: 
 
 
 
  
Red Sea brine pools samples  
Sediments  Water 
NCBI/MEGAN GAAS/PhAnToMe GAAS/PhAnToMe 
Host-virus relationship 
was assessed  
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3 Results 
3.1 Analysis of sediment samples sections: 
 Extraction of viruses in the sediments was performed and analyzed using MEGAN against NCBI 
database, 217 viruses were identified in all subsections. These results are concerned with analyzing viruses 
which are present in the sediments of the Red Sea brine pools only. The number of virome reads and the 
percentage of classified and unclassified reads in each section are represented in table 1. Based on this 
abundance data, hierarchical clustering of viral taxa amongst all 16 sediment sections was represented in Figure 
9 as a heatmap.  
The majority of the 217 viruses (depicting 18.87% reads) were Caudovirales (42% reads), 
environmental samples mostly from uncultured phage (31.3% reads), followed by ssDNA viruses (1% reads) 
and unclassified phages (0.5128%). 
The most abundant phage was Prochlorococcus phage P-SSM2 in all subsections (28.1644%), followed 
by Synechococcus phage S-SM2 (24.1503%) and Synechococcus phage S-SSM7 (11.8516%), then 
Synechococcus phage S-RSM4 (10.9156%), Prochlorococcus phage P-SSP7 (9.1445%) and Cyanophage P-
SSP2 (5.4431%).  
Results also showed that DD-1 and DD-7 are the richest sections with viruses with total percentage of 
viruses 22.0097% and 20.2349% respectively. On the other hand, ATIID-1 and ATIID-2 have the lowest 
abundances, 1.1938% and 2.3534% respectively as shown in Figure 10 [139]. Results also showed the presence 
of small viruses as Circovirus only in ATII-2 section. Domain level taxonomical classification showed bacterial 
related reads prevalence in the ATIID-1 and ATIID-2 datasets. Contrary to all other ATIID, DD sections were 
dominated by viral related reads. Principal Component Analysis (PCA) of sediment-specific reads, based on 
species-level taxonomical classification, revealed that ATIID-1 and ATIID-2 sections were distant from all 
other sections, confirming their unique composition. 
 
3.2 Viral-host abundance in Red Sea Sediments 
Viral-Host abundance was grouped according to the viral taxa (table 2). Twenty eight different viruses 
and 19 cognate hosts were identified in the same Red Sea sediment subsections. Note that some viruses and 
hosts were identified in more than one subsection. The highest abundance and diversity of virus/host were in 
DD-7 section (39.7% of DD-7 reads were assigned to a virus based on protein-based phylogeny (MEGAN)), 
followed by DD-1 (13.23%), ATIID-4 and NB-2 sections (each with 7.35%) and then DD-5, ATIID-1 and 
ATIID-6 sections, each with 5.88%, followed by DD-6 with 4.41%. ATIID-2 had 2.94% and finally ATIID-5, 
ATIID-7, DD-3, DD-4, and NB-1, each with 1.47%. The majority of the 28 viruses were assigned as 
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Caudovirales (78.125%), Phycodnaviridae (12.5%), environmental samples bacteriophages (6.25%) and 
unclassified dsDNA phages (3.125%). 
The most abundant phage was Prochlorococcus phage P-SSM2 in all subsections (28.1644%). 
However, the cognate host was only identified in DD-1 and DD-7. The most abundant host was Ostreococcus 
(0.12332%) and it was identified in various subsections. 
On the other hand, 63 viruses were identified, in which their hosts are absent in a specific sediment sub-
section. These viruses include Caudovirales (66.66%), Phycodnaviridae (23.8%), unclassified dsDNA phages 
(7.93%) and Microviridae (1.58%). The rest of the 218 viruses identified are either of unknown host or there are 
insufficient information regarding their potential hosts or maybe they were free living particles.  
Our analysis also excluded viruses that were shared with the overlying water column. This included 27 
viral taxa that weren‟t specifically identified in the sediments and were eliminated from our analysis.  
 
3.3 Viral-Host abundance per sample 
Viral-Host abundance was grouped according to the viral taxa as shown in table 2. The hosts for 28 
viruses out of the 32 viruses were found to be abundant in one or more sections. Therefore, another 
classification for the 28 viruses was done according to their abundance in each section as shown also in table 2. 
It showed that the highest percentage of viruses whose hosts are abundant were found in DD-7 section and 
equals to 39.7%, followed by DD-1 with 13.23%, followed by ATIID-4 and NB-2 sections, each with 7.35%. 
Then DD-5, ATIID-1 and ATIID-6 sections, each with 5.88%, followed by DD-6 with 4.41%. ATIID-2 with 
2.94% and finally ATIID-5, ATIID-7, DD-3, DD-4, and NB-1 each with 1.47%. 
  
3.4 Network of Viral host interactions in specific sediments subsections  
Cytoscape was used to generate the illustration of virus-host interaction as shown in Figure 11 [140]. 
Cytoscape Web is an interactive web-based network browser and freely available at 
http://cytoscapeweb.cytoscape.org/. Only viruses and their cognate host were considered if they were present in 
the same subsection of the sediment. 
 
3.5 The combination of GAAS/ PhAnToMe approach in sediments 
Additional analysis was performed to identify some of the data that may be missed using the standard 
BLASTx. This analysis is more sensitive as it utilized the16S rRNA of the metagenomes and the virome 
detected by PhAnToMe database using reciprocal BLASTx. 
Reanalysis of the Red Sea sediments virome using GAAS revealed the enormous pool of genetic 
diversity and the tremendous richness of each section that was not known before via the typical method 
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mentioned above. The combination of PhAnToMe database with GAAS analysis reduced the number of 
unassigned sequences, and increased the numbers of assigned phages from 200-250 to up to 2000. The total 
viral richness of all subsections of ATIID and DD sediments is 1882 different phages. Analysis showed a 
universal marine signature reflected by the dominance of several Mediterranean phages. Results also indicated 
that the upper most DD section, closest to the sea bed (DD-7) is not only the most diverse section with alpha 
Shannon diversity 5.44 but also it is the richest section as well with 1662 different phages. Rhodobacter phage 
RcapMu (127 bp) is present in DD-7 sediments with the following sequence: 
GTGCGTATGTAACGCTAGTTCCTGAAGATACAGTTTCACTAAACCCACACGCTTTAAGCGC
ACTTCCGTATCTTGGTGCAGTTCCAGCAGTTCCAGATCCAGCAAGTTCTACGCTAAACGTACACTC 
Blast results against PhAnToMe database showed 23 hits with the highest identity of 88.1% as shown in 
table 3.  
ATIID-2 section has the smallest average genome size with the lowest richness; only 661 different 
phages were detected. The average genome size, Shannon diversity index and richness for each subsection were 
assessed as shown in table 4. It is clear that as the average size of the metagenome decreases, its richness 
decreases as well. Only 688 and 661 species were identified in ATII-1and ATII-2 respectively. Interestingly, 
ATII-2 has the lowest average genome size 11638.85 bp and the lowest richness as well. Results in table 4 show 
the biodiversity and average genome size for each section. 
The deepest two layers of the Red Sea (ATII-1 and ATII-2) were the most divergent as seen in Figure 
12, with the lowest alpha-diversity (low richness and evenness) 4.08 for ATII-1 and 4.23 for ATII-2. Yet, these 
two meataviromes have their own signature characterized by higher abundance of gokushoviruses small 
genomes (e.g, Gokushovirus isolate GOM and Gokushovirinae Fen672_3) than other sections up to 30.5% and 
54.5% in ATII-1 and ATII-2 respectively, followed by uncultured Mediterranean phages (52.3% and 24.8% of 
total virome in ATII-1 and ATII-2 respectively). Moreover, 7.7% of ATII-1 virome was assigned to different 
species of Chlamydia phage followed by 2% for Puniceispirillum phage HMO-2011. Meanwhile in ATII-2 
section, Chlamydia phage is doubled and comprise for 16.4% of the metagenome followed by 1.4% for Phage 
phiMH2K. ATII-1 and ATII-2 were also shown to be distinct in principal component analysis (PCA) as shown 
in Figure 13.  
 On the other hand, different Mediterranean phage types and Cyanophages were the most 
abundant in the remaining sediment sections (85.4% and 4.8% respectively). Additionally, virome analysis 
revealed the dominance of several Mediterranean phage-like viruses in the Red Sea sediment metagenome 
[139].  
GAAS in combination with PhAnToMe revealed that some ssDNA phages are more important than 
previously assessed. A detailed look into DD sediments metavirome results showed that Gokushoviruses which 
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infect parasitic bacteria as Chlamydia and Bdellovibrio comprise more than 50% of ATII-2 section. Different 
strains of Cyanophage comprise 5.6% while 6.6% for Prochlorococcus phage in DD-1. In DD-2, the percentage 
of Prochlorococcus phages is equal to Cyanophages and is equal to 5%. Nearly the same percent is found also 
in DD-3, 5.3% for Prochlorococcus phage and 5% for Cyanophage whereas 4.6% and 5.4% for Cyanophage 
and Prochlorococcus phage respectively in DD-4 and DD-5. However in DD-6, Prochlorococcus phage 
accounts for 5.7% and Cyanophage is 5%. The upper most layer, DD-7 has the highest percentage of 
Prochlorococcus phages after DD-1 which is 6.15% and 5% for Cyanophages. 
Furthermore, DD-7 was found to be unique as some species were detected only in this section such as 
Rhodococcus phage E3, Mycobacterium phage Dandelion, Mycobacterium phage Astraea, Salmonella phage 
SPN1S, Bacillus phage BCD7, Escherichia phage ECML-117, Streptomyces phage phiHau3, different species 
of Pseudomonas phage, Shewanella phage Spp001, Staphylococcus phage P954, Pseudoalteromonas phage 
H105/1, Methanobacterium phage psiM2, Vibrio phage phiVC8, Aeromonas phage phiAS7, Yersinia phage 
phi80-18 , Brochothrix phage BL3, Acinetobacter phage phiAB1, Sulfolobus virus, and Acinetobacter phage 
phiAB1.  
 
3.6 Various phage groups detected across sediments 
Through GAAS results, separating phages into groups was made possible. Six groups were well 
identified in our results.  
 The first group: phages with very high abundance but its presence is limited to few metagenomes [141, 
142] such as Marine Gokushoviruses and Chlamydia phages which are present only in ATIID-1 and 
ATIID-2 sections.  
 The second group: phages with high abundance and broad distribution as they are found in approximately 
all sections such as Cyanophages and Synechococcus phages.  his group can be termed „composition 
phages‟.  
 The third group: phages with low abundance and broad distribution. This group can be considered as 
conserved genes that are present in all viral metagenomes such as pseudomonas phages.  
 The fourth group: phages with low abundance and high sequence coverage. It is illustrated in our results 
through the identification of 217 complete genome of some phages such as Erwinia phage phiEaH2, 
Erwinia phage phiEaH2, Flavobacterium phage FCL-2, Bacillus phage PM1 DNA, Arthrobacter phage 
vB_ArtM-ArV1, Delftia phage RG-2014, Mycobacterium phage Euphoria, Mycobacterium phage 
Euphoria, Enterobacteria phage HK629, Shewanella phage Spp001, Weissella phage phiYS61, 
Salmonella phage FSL SP-058, and Listeria phage LP-026. 
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 The fifth group: uncultured Mediterranean phages which are considered as universal marine signature to 
the Red Sea brine pool sediments and water. It is present in all sections with a wide range in relative 
abundance (<5% till >60%).  
 The sixth group: rare phages as Vibrio phages. 
 
3.7 Water Samples analysis using GAAS/PhAnToMe 
Water samples were not as rich in viral sequences as sediments samples. Twelve different water samples 
were analyzed using the combination of GAAS and PhAnToMe database. Average genome size of each sample 
was calculated as shown in table 5. The ATBRUCL and ATBRIN were the least diverse (Shannon diversity 
index= 3.69 and 3.7 respectively). Moreover, they were the least rich as only 258 phages were identified in 
ATBRUCL as shown in Figure 14 and 203 phages were detected in ATBRIN. In contrast, samples taken from 
AT0050 m had the highest biodiversity with Shannon diversity index= 5.7 and with high richness as 1682 
different phages were identified as shown in Figure 15. The second diverse layer is KDBRUINP with Shannon 
index= 5.44 and richness= 1415, KDBRLINP with Shannon index= 5.41 and ATBRLCL with Shannon index= 
4.88 and 1298 different phages. Different water column depths in ATIID were highly unique with high 
biodiversity. 
Rhodobacter phage RcapNL is only found in AT00700m water column, KDBRUINP and in ATBRLCL 
layers which are from the most diverse water layers. In AT00700m, the sequence (146 bp) of the phage is as 
follows:  
AGCCCTAACCTTATCCCTAGCCCTAACCTTATCCCTAGCCCTAACCTTATCCCTAGCCCTAACCTTA
TCCCTAGCCCTAACCTTATCCCTAACGCTAACCTTATCCCTAACGCTAACCTTATCCCTAACGCTAA
CCTTATCCCTAA 
Blast results against PhAnToMe database showed 2 hits with the highest identity of 68.89% as shown in 
table 6. 
In ATBRLCL water layer, the sequence (143 bp) of the phage is as follows:  
CCACTCGCCGTGCTGCTTGAATAGGAACGGCACGCCGGCATCCGCGCACTGGTCGCGCAAGCTCC
GTACCCAGTCCGGATGCATCGGGCGCGCGCCGGGGCCGCTCTCGCCGCCGGCGATCACCCAGTCA
ATGGGTAGTGATC 
Blast results against PhAnToMe database showed 44 hits with the highest identity of 86.36 % as shown 
in table 7.  
In KDBRUINP water layer, the sequence (135 bp) of the phage is as follows:  
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GAAAATGTGTGGTTGGGGGTAACTGCAGAGAATCAAGAGATGGCAAATATTAGAATACCACAATT
ATTAGAGGCTCCAGCACACATTCGATTTGTAAGTGCTGAACCCCTTTTAGAATCTATTGAGTTCCA
GAGAA 
Blast results against PhAnToMe database showed 12 hits with the highest identity of 68.29% as shown 
in table 8 
 
3.7.1 Uncultured Mediterranean phages 
Uncultured Mediterranean Phages were the most abundant in the water column at different depths; 50m, 
200m, 500m, and 700m exceeding 90% of the total relative abundance. On the other hand, Mediterranean 
phages had lesser abundances in other water sections (30%-70%) with the exception of ATBRUCL and 
ATBRIN as it only comprised 6.5% of the total relative abundance. Figure 16 shows the relative abundances of 
Uncultured Mediterranean Phages in all water column and sediments sections.  
 
3.7.2 ATBRUCL: Upper Convective Layer and the ATBRIN: Brine water Interface: 
The upper convective layer and the brine water interface (the least diverse layers) share many 
characteristics as approximately 45% of their metavirome accounts for Ralstonia phages and 6% for 
Bacteriophage species. Furthermore, only 6.5% for uncultured Mediterranean phages as mentioned above. 
Whereas, ATBRIN has double the percentage of Streptococcus phage, Mycobacterium and Siphoviridae phages 
found in ATBRUCL (13.1%, 6.2% for streptococcus and 8%, 3.8% for the other two phages). Oppositely, this 
layer has nearly double the abundance of Burkholderia phages and Prochlorococcus phages found in ATBRIN 
(8.8%, 3.8% and 1.8%, 1% respectively). Synechococcus phage is less dominant comprising 0.6% in ATBRIN 
and 0.07% in ATBRUCL. Nitrososphaera phage, Idiomarinaceae phages, Colwellia phage 9A, Caudovirales 
Xanthomonas phage OP2, Shewanella phages, Listeria phages and Puniceispirillum phage are completely 
absent in those 2 layers. 
 
3.7.3 ATBRLCL: Lower Convective Layer 
The lower convective layer (Shannon diversity index= 4.88 and richness= 1298) is the only water layer 
that has 3 species of Helicobacter phage (Helicobacter phage KHP40 DNA, Helicobacter phage KHP40 DNA, 
and Helicobacter phage phiHP33) comprising 0.08%. This layer is also dominated by uncultured Mediterranean 
phages with approximately 48% followed by Ralstonia phages which accounts for 25%, 4% for Burkholderia 
phages, 3.4% for Streptococcus phages, 2% for Bacteriophages, 1.9% Siphoviridae, 1.7% for Nitrososphaera 
phage, 1.3% for Mycobacterium phages and 0.5% for Synechococcus phages. 
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3.7.4 DDBRINE: Discovery Deep brine, DDBRIN: Discovery Deep brine-water interface: 
Marine gokushovirus isolate is identified only in these 2 water layers with 13% in DDBRINE layer and 
5.5% in DDBRINE layer as shown in Figure 17. Moreover, they are the only water sites where Chlamydia 
phages were found with 9.4% and 10.2% respectively as shown in Figure 18. They have the smallest average 
genome size across all water samples; 26115.2 bp for DDBRINE layer and 27085.44 for DDBRINE layer. 
Their Shannon diversity index is very close to each other and equals to 4.8-4.9. DDBRINE and DDBRINE 
water layers have lesser abundance of Ralstonia phages, Mycobacterium phages, Burkholderia phages, and 
Synechococcus phages. 
 
3.7.5 KDBRINE: Kebrit Deep brine, KDBRINE: Kebrit Deep lower interface, KDBRUIN: Kebrit Deep 
upper interface 
KDBRUIN is the richest water layer in KD brine pool with 1415 different species. The 3 layers, 
KDBRINE, KDBRLINP, and KDBRUINP, have high and nearly similar Shannon diversity equals to 5, 5.41, 
and 5.44 respectively. Idiomarinaceae phages have their highest abundance in these layers and comprise 1.39%, 
0.38%, and 0.7% respectively. In addition, Lactococcus phages, Salmonella phage and Myovirida are highly 
abundant in KDBRINE more than other water sections and comprise for 3.7%. 2.9% and 1.9% respectively. 
Shewanella phages are also present in KDBRINE and KDBRUIN. 
 
3.8 Prophages detected in different samples in the Red Sea brine pools  
Streptococcus phage 20617 complete prophage genome is identified in the sediment specific reads 
(ATIID-1, ATIID-2, ATIID-7, DD-4, DD-5, and DD-7). Prophages were also identified in water samples with 
the highest relative abundance in KD brine layers accounting for 20% whereas its total relative abundance in 
other water sections does not exceed 1%. 
 
3.9 Other hydrothermal vents analysis using GAAS/PhAnToMe approach 
Average genome size of the analyzed hydrothermal vents, richness and Shannon diversity index was 
estimated using GAAS as shown in table 9. 
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 Juan de Fuca Ridge hydrothermal vent uncultured phage metagenome 
Uncultured Mediterranean phages account for 66%, Synechococcus phage accounts for 21%, 1.5% for 
Bacteriophage 1% for Nitrososphaera phage, 0.5% for Thermococcus prieurii virus 1 and 0.2% for 
Cyanophages. Phage Prado 0.06% is present in this vent and not found in the Red Sea, while Cronobacter 
phage is more abundant in the Red Sea. 
 
 Samples from EPR hydrothermal vent uncultured phage metagenome 
 Bacteriophages account for 27.5%, 67% Enterobacteria, 2.3% uncultured Mediterranean phage, 24.9% 
Bacteriophage lambda, 25% Lambda-like viruses Enterobacteria phage DE3, 26.3% Bacteriophages. 
 
 Metatranscriptomic data from a population of Marine Group I Archaea obtained from the Gulf of 
California 
It was found that uncultured Mediterranean phage is highly abundant in this vent reaching 60%, 7.6% 
Nitrososphaera phage, 3.6% for Siphoviridae, 2.8% Staphylococcus phages, 1.9% Alteromonas phage 
vB_AmaP_AD45-P1, 1.3% Streptococcus phage 20617 prophage genome, 1.2% Puniceispirillum phage, 0.95% 
Myoviridae phages, 0.6% Geobacillus viruses, 1.4% Salmonella phages. 
 
 Chimney of hydrothermal Vent Metagenome (microbes colonizing hydrothermal vent chimneys) 
This site is characterized by its low biodiversity as its Shannon diversity index= 1.8 and it has only 13 
different species detected by GAAS. It is characterized by the presence of Marine gokushovirus isolate which is 
not found in other projects. However, it has very low relative abundance in this vent (only 4.71E-07%). This is 
confirmed in previous studies as this hydrothermal vent is extremely poor in viral domains. 
Species detected in this vent were: P1-like viruses Enterobacteria phage P7, Enterobacteria phage M13, 
Inovirus Enterobacteria phage f1, Inovirus Enterobacteria phages which account for 70% of the metagenome. In 
addition to 9.1% for Thermococcus prieurii virus 1, 3% Salmonella phage SE2, and 14.5% Chlamydia phages. 
 
 Guaymas basin metagenome 
 Uncultured Mediterranean phages account for 64.2%, 3.5% Nitrososphaera phage Pro-Nvie1, 4% for 
Enterobacteria phage, 2.4% Salmonella phage and Streptococcus phage, 1.5% for Shigella phages, 1.2% 
Puniceispirillum phage, 1% for Deep-sea thermophilic phage D6E, 0.99% Geobacillus phage, and 0.4% 
Pseudoalteromonas phage. 
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 Microbial metagenomics in different depths of the terrestrial mud volcanoes, southwestern Taiwan, 
C307 metagenome 
Bacteriophages accounts for 20% of the total metagenome ,11.7% Streptococcus thermophilus 
bacteriophages, 10% His1 virus, 9.8% Enterobacteria phages, 4.11% Enterococcus phages, 1.9% Croceibacter 
phage P2559Y, 23% Streptococcus phages, 6.5% Clostridium phages, 2.4% uncultured Mediterranean phages, 
2.7% Burkholderia phages, 1.5% Brochothrix phages, 1.3% Geobacillus phage and Lactobacillus phages, 1.6% 
Synechococcus phages, 1.4% Streptomyces phages, 1.1% Listeria phages, 0.3% for Deep-sea thermophilic 
phage D6E and Mesorhizobium phages. 
 
 Shallow-sea Hydrothermal Systems Metagenome (Offshore NE Taiwan) 
Uncultured Mediterranean phages account for 51%, Enterobacteria phages account for 20% of the 
metagenome, 3.6% Colwellia phage 9A, 2.2% Alteromonas phage, 1.9% Streptococcus phage prophage 
genome, 3% Shigella phages, 4.5% Synechococcus phages, Ralstonia phages are also present. 
 
 Loki's Castle Metagenome  
Enterobacteria phages is the most abundant with 21% followed by Streptococcus phages with 14.6%, 
10.2% uncultured Mediterranean phages, 5.5% Escherichia phages, 4.8% Bacteriophages, 4.2% Siphoviridae, 
3.6% Synechococcus phages and Staphylococcus phage, 2.9% Cellulophaga phage, 2.4% Idiomarinaceae phage 
1N2-2, 1.5% Prochlorococcus phages, 1.4% Shigella phages, 1.3% Deep-sea thermophilic phage D6E, 0.99% 
Burkholderia phage BcepMigl, 
Comparative analysis is performed to investigate how the extreme conditions of these brine pools 
impacted their viromes as previous studies showed that different ecosystem stressors results in different average 
genome lengths. 
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4 Discussion 
This study was made to enrich our knowledge about the viral diversity of the Red Sea brine pool water 
and sediments, which are understudied compared to the studies addressing bacteria. Our data showed to be rich 
in information about viral communities in brine water and sediments. Analysis of our datasets together with 
reviewing literature enabled us to describe different viral inhabitants and relate biodiversity with average 
genome sizes. 
Hydrothermal vents, places that are fueled by earth‟s energy as they have never seen sunlight, are highly 
interesting niche environments since their discovery in 1977 [143]. They were considered hot spots of research 
in which many new resources can be investigated and evolution theories can be developed. This study is done to 
enrich our knowledge as very little is known about viral biodiversity in Red Sea brine pools. Moreover, this 
study addresses the relation between viruses and their hosts in different sediment sections. 
Sediment specific reads were generated without contamination with reads from the water column. 
Results showed that not all locations in the Red Sea have the same inhabitants as each brine pool showed 
distinct microbiota than the other. Some environments were deemed with highly diverse microbial life as DD-7 
whereas others seemed to harbor smaller communities.  
 
4.1 GAAS and PhAnToMe improved viral analysis 
Red Sea sediments were analyzed by 2 different approaches for comparative purposes. The classical 
using MEGAN against NCBI nr database and the second approach is using GAAS and PhAnToMe database. 
Virus‟s mosaic structure is a challenge in analysis however; the lowest common ancestor algorithm can handle 
this challenge to some extent. Our results indicated that classical technique was not very informative as GAAS 
method. It showed that bacteria are more prevalent in ATIID-1 and ATDII-2 than other sections while phages 
has lesser abundance as shown in Figure 10. Different phages that are involved in photosynthesis as 
Cyanophages, Prochlorococcus phage and Synechococcus phages showed gradual increase in their relative 
abundance as the depth decreases from section 1 till section 7 in both ATIID and DD, which is reasonable. At 
this depth and being a sediment, we can only hypothesize that this is a record of photosynthetic activity [144]. It 
was reported that photosynthesis genes phages are considered as fitness genes that support the host cell 
machinery during viral replication. Thus, photosynthesis genes are suggested to be important for survival and to 
continue producing new viruses [145, 146]. This also explains that horizontal gene transfer possibly played a 
great role in shaping the microbial taxa in the Red Sea [146]. Our results showed that both, the phage and its 
host genome are present in different sections of the Red Sea brine pools. 
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The classical method showed the presence of small amounts of ssDNA not more than 1.5% in all 
subsections. In contrast, reanalysis using GAAS approach showed that ssDNA accounts for higher relative 
abundance reaching more than 50% in ATIID-2 which was overlooked in the classical approach.   
Previous studies suggested that as salinity increase, diversity decreases [147] with marked dominance of 
some characteristic microbes. Typically, this is what our results confirmed using both methods. The deepest 2 
layers in ATIID were unique and distinct from other sections as shown in the bean plot in Figure 12 and were 
mainly characterized by the presence of small viruses. They are the only sections where Marine gokushovirus 
isolate GOM, complete genome was present (on the read level). In addition, Chlamydia phages also were only 
present in those two layers. However, ATIID-1 and ATIID-2 were the least rich. Biodiversity is relatively 
higher in DD than ATIID as DD environmental conditions are less harsh than that of ATIID. Thus, different 
stress conditions play a vital role in shaping the marine life. 
 
4.2 Relation between Average genome size and biodiversity 
The sample with the highest phage diversity was DD-7 with its average genome size 32689.89 bp 
followed by DD-1 with genome size 36531.7. Correspondingly, they were the richest 2 sections with different 
phage species. Results of GAAS average genome sizes estimation confirmed that as the average genome size 
increases, biodiversity (richness and Shannon diversity index) increases as well. ATIID-1 and ATIID-2 have the 
smallest genome sizes; 23970.49 and 11638.85 respectively. ATIID-2 has the smallest genome size across all 
sections with the lowest richness. In conclusion, the genome size is directly proportional to the biodiversity. 
There is a strong relation between AGS and Shannon diversity index (r = 0.874125326, p-value = 9.564e-06) as 
shown in the scatter plot in Figure 19. There is a strong relationship also between AGS and richness (r = 
0.743833288, p-value = 0.0009549) as shown in Figure 20. However, a study in 2010 suggested that this 
correlation is not always positive [148]. This hypothesis is illustrated in our results of water samples as it 
showed some deviation. AT0050m has the highest diversity however; its genome size is not the longest. The 3 
layers of KD brine pool showed the highest average genome sizes and the highest diversity as well after 
AT0050m. 
 
Water samples are dominated by different strains of uncultured Mediterranean phages more than that is 
present in the sediments especially in samples taken from the water column. However, water column samples 
have lower biodiversity than the sediments.  
The link between biodiversity and the average genome sizes in water samples is not as obvious as the 
sediments samples except for DD and KD water samples. Interestingly, DDBRINE and DDBRINP have the 
shortest average genome size (as in ATIID-2 in the sediments) and are the only layers where Marine 
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gokushovirus isolate and Chlamydia phages were identified. Accordingly, we can conclude that these two viral 
species might be present only in small meataviromes as ATIID-2, DDBRINE and DDBRINP.  
 ATBRINP and ATBRUCL have the lowest Shannon index and richness however; they have the lowest 
relative abundance of uncultured Mediterranean phages and the highest abundance of Ralstonia phage which is 
a DNA bacteriophage, family Siphoviridae. Ralstonia phages are lysogenic as they integrate their genome into 
the host genome [149, 150].  
ATBRLCL is characterized by the presence of Helicobacter phages KHP40 DNA, Helicobacter phages 
KHP 30 DNA and Helicobacter phages PhiHP 33. They are dsDNA viruses; Podoviridae. They are believed to 
have a role in bacterial evolution. This can be linked by biodiversity present in this layer as it has relatively high 
Shannon index and high number of species [151, 152].  
KD layers were characterized by the presence of Shewanella phage complete metagenome that is not 
present in other sections except the AT0050m water column. Previous studies showed that Shewanella bacteria 
genome has a high number of cytochrome C and RNA structural modification genes which may help the 
bacterial survival and adaptation [153]. Consequently, we can conclude that it assisted in the phage survival by 
integration of the phage genome into the host during infection. In addition, Idiomarinaceae phage Phi1M2-2 
and Pseudoalteromonas phages are present which share common genes and conserved regions [154].  
Previous research found that many conserved genes were found between different phages from 
Siphoviridae family and were much more than the conserved regions of phages infecting Pseudoalteromonas 
species. So, it can be suggested that the differentiation of viruses into groups occurred before the 
differentiation of bacteria which supports the evolutionary theory [31]. 
The analysis of other hydrothermal vents showed also the presence of uncultured Mediterranean 
phages (with the exception of Chimney of hydrothermal Vent Metagenome) that can be considered to be 
present in all hydrothermal vents. The analyzed projects are neither diverse nor rich as the Red Sea brine 
pools as shown in Figure 21. Guaymas basin metagenome was the most diverse with Shannon index= 4.6 and 
501 different phages were identified. This proves that our Red Sea brine pools are extremely diverse and unique 
environments with distinctive inhabitants.   
 
4.3 The presence of prophages 
Our metagenome project sequenced DNA from 0.1 – 0.8 um. Normally, this should include bacteria and 
associated prophages. Some viruses can reach 0.2 or even 0.3 um and some free living viruses may also be 
present. The presence of prophages indicates lysogeny due to the unfavorable conditions in the Red Sea brine 
pools. Previous studies also showed that prophages have genes encoding for virulence factors. They are 
considered a main cause of diseases of marine organisms [155]. The presence of prophages is directly correlated 
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with suppression in metabolic activities. Prophages suppress many genes encoding for vital metabolic 
processes, thus protect the host from death. So we can conclude that prophages have an extremely important 
role in the host survival in the Red Sea as lysogeny can be regarded as a symbiotic relationship [156, 157]. KD 
brine water samples have 20% of their virome prophages. Besides, their Shannon diversity index is more than 5 
(considered from the highest two samples). The reason for the high viral biodiversity may be due to prophage 
induction by serial integration and excision events, phages can import valuable genes which are not easily 
acquired by other means. In 2011, it was reported that more than half of the bacteria inhabiting the deep-sea 
oceans harbor prophages [158]. Moreover, the concept of polylysogeny, a host with more than one prophage, 
opens up huge gates for bacterial biodiversity and better understanding of evolution.  
Furthermore, prophages regulate the host‟s genes and can direct the host to produce essential genes for 
adaptation and other vital processes [159]. The concept of lysogenic conversion and adaptation nearly made the 
theory of „periodic selection‟ not valid.  
 
4.4 Gene transfer agents (GTAs) 
An interesting, yet very important finding in our results is the presence of different strains of 
Rhodobacter phage. It infects Rhodobacter capsulatus or Brachyspira species. Previous studies showed that 
those bacterial species harbor viral-like transducing particles which may seem to have been taken into the host 
to facilitate the process of gene transfer. They can be called gene transfer agents (GTAs) as they increases the 
rate of transduction and horizontal gene transfer between viruses and each other or between viruses and their 
hosts [160]. What makes our results more valid is that for sediments samples, Rhodobacter phage is only 
present in DD-7 which is the richest and most diverse section in all brine pools sediments.  
 For water samples, Rhodobacter phage RcapNL is only found in AT00700m water column, 
KDBRUINP and in ATBRLCL layers which are from the most diverse water layers.  
Rhodobacter phages are considered a typical model for studying gene transfer agents. A study published 
2011 used Rhodobacter phage RcapMu as a model for bacteriophage evolution as they are characterized by 
unusual horizontal gene transfer mechanisms. It has a narrow range Rhodobacter capsulatus strains hosts and 
was proved to be induced in high temperatures (40 °C). This study also confirmed experimentally that RcapMu 
lysogeny gives immunity against superinfection. Mu-like transposing genes were found to be widely spread in 
different and unrelated species [161].  
The occurrence of Rhodobacter phage only in the sites mentioned above can be related to their 
biodiversity and give more insights into the role of horizontal gene transfer in oceanic marine life. There may be 
other GTAs but we know very little about them. 
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5 Conclusion 
In conclusion, viruses are highly abundant and diverse in marine ecosystems and have a  role in genetic 
changes in deep-sea life which covers nearly   % of the Earth‟s surface [162, 163]. Since the discovery of 
hydrothermal vents, the idea of horizontal gene transfer mediated by viruses and viral-like particles is the main 
driver of evolution [164, 165]. RcapMu can act as a starting point for discovering viral diversity for a selected 
ecosystem. Variations in environmental conditions of each ecosystem may have shaped its microbial inhabitants 
in the early life, while viruses facilitated gene transfer between networks and helped in changing the microbial 
consortium allowing it to grow. Lysogenic conversion, gene transfer, and lytic viruses life cycle played a major 
role in survival and adaptation of their hosts either bacteria or archaea. They have extensively influenced 
bacterial genomes by inserting many additions and deletions during replication. Hence, studying viral 
biodiversity in hydrothermal vents could lead to novel interesting and deeper insights into evolution and 
survival of marine life. Discovery of new lysogenic phages need further intensive study of host species. 
 This study addressed the viral biodiversity in the Red Sea brine pools and explained the reason of 
higher abundance of some phages in specific sections than the others in terms of average genome size, richness 
and diversity index. This study also highlighted the unique biodiversity of viral communities by comparing 
them to other hydrothermal vents. Moreover, viral-host relationship in the Red Sea sediments was studied. 
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6 Figures and tables 
 
 
 
Figure 1 Map shows the geological origin of Red Sea axis rift deeps and the separation of the Arabian 
and African plates which led to the formation of the Red Sea [1]. 
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Figure 2 The Red Sea is a body of water between northeast Africa and the Arabian plates. Its water 
depth and land height is shown in the figure. The northern section of the Red Sea splits into Gulf of Suez and 
Gulf of Aqaba from the west and east respectively [2]. 
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Figure 3 Map of the Red Sea, showing ATIID, DD, and KD sites along the N-S axis of the Red Sea [5] 
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Figure 4 Temperature, salinity and conductivity gradient of the multi-layered brine–seawater interface of 
Atlantis II Deep [6]. 
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Figure 5 Size and abundance of viruses in comparison to prokaryotic cells. Epifluorescence photo of 
viruses (small green dots, 20 nm to 800nm long, numerous green dots) and prokaryotic cells (less numerous, 
and larger green dots). The figure indicates that viruses are more abundant than prokaryotic cells and considered 
the most abundant entities in the world [36]. 
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Figure 6 Schematic diagram showing how viruses can be lytic or lysogenic or pseudolysogenic [61]. 
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a- Lytic phages enter a productive cycle, in which the phage genome is replicated and phage capsid and tail 
proteins are synthesized using bacterial cell machineries then liberated by killing the host cell 
b- Lysogenic phages enter a cycle in which the phage genome is integrated into the bacterial chromosome 
(prophage). No cell death occurs. Prophages are replicated together with the bacterial host chromosome 
during host cell replication and can be converted to lytic  
c- Pseudolysogeny is an unstable situation in which the phage genome fails to replicate (as in lytic 
production) or become established as a prophage (as in lysogeny). Pseudolysogeny occurs as an 
adaption in unfavorable conditions, until the nutrients are restored. 
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Figure 7 The overall number of viral studies increased dramatically since 2002. Technological 
advancements are shown on the bar, presented according to the year of their publication [71]. 
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Figure 8 Sampling bias towards larger genomes in metagenomic libraries. Larger genomes will produce 
more fragments of a given size, and are more likely to be sampled even if they occur in the same abundance as 
small genomes [102]. 
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Figure 9 Hierarchical clustering of viral taxa amongst all 16 sediment sections was represented in a heat 
map arranged from the most diverse section DD-7 to the least diverse section ATII-6 apart from ATII-1 and 
ATII-2 which are clustered together. 
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Figure 10 Bar graph showing domain distribution of sediment specific metagenomic reads. 
 
Classification of the metagenomic reads at the domain level, following elimination of water column reads. The 
bar graph shows the prevalence reads of bacterial and archaeal origin in ATII-1 and ATII-2 while reads of viral 
origin were dominant in other sections, especially in DD-7. The bar graph is up to 100% as unknown reads were 
ignored [139]. 
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Figure 11 Viral-host relationship in Red Sea sediments using Cytoscape program. The network 
represents phages and their hosts which are present together in the same sediment section. Red boxes represent 
phages while blue ones represent the bacterial host. The thickness of arrows represents the abundance of virome 
of the phage infecting the bacteria in a specific section.  
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Figure 12 Bean plot showing that ATII-1 and ATII-2 sites are highly distinct from other sediments 
samples. Beanplot shows log the abundances of every phage in every sample. Each dot is represented, and 
where there's a "bump" or swelling it means there are too many points in this area. So, most of the phages are 
low abundance, except for a few ones that are up. The shapes of the first two beans (ATII-1 and ATII-2) are 
similar to one another. DD-7 is the most unique as it doesn't have a bump, which means homogenous 
distribution of the log abundance values. 
45 
 
 
 
 
Figure 13 PCA plot to show how ATII-1 and ATII-2 are divergent from other sections. PCA is a method 
of clustering. It takes all samples and shows which ones are more similar to each other; and it definitely showed 
that the majority cluster on the top left, but ATII-1 and ATII-2 are clustered in the bottom right. 
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Figure 14 ATBRUCL with the lowest biodiversity among water samples. Figure generated by krona. 
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Figure 15 ATII0050m water column with the highest biodiversity. Figures generated by krona. 
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Figure 16 The relative abundances of uncultured Mediterranean phages in all sediments and water 
sections. Thus, considered as a marine signature in the Red Sea.  
 
 
49 
 
 
 
Figure 17 The presence of marine Gokushovirus is restricted to DDBRINE and DDBRINP. 
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Figure 18 The presence of Chlamydia phage is restricted to DDBRINE and DDBRINP. 
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Figure 19 The relationship between the average genome sizes and Shannon diversity index.  ATII-1 and 
ATII-2 has the shortest genome size accompanied by the lowest Shannon diversity. 
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Figure 20 The relation between the average genome size in bp and the richness. 
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Figure 21 Diversity of other hydrothermal vents in comparison with the Red Sea water and sediments 
sections. Orange color represents the sediments, red color represents water sections, and green color represents 
other projects. The diversity of the Red Sea samples is higher than other vents. 
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Table 1 The percentage of virome and total reads in each section. The number of reads for classified and 
unclassified virome is also shown. 
 
Sections 
Total 
number of 
reads 
Virome % 
Classified 
reads 
Classified % 
Unclassified 
reads 
Unclassified 
% 
ATIID-1 3478 2.11% 2008 1.22% 1470 0.89% 
ATIID-2 4008 3.54% 2687 2.37% 1321 1.17% 
ATIID-3 11002 20.47% 9116 16.96% 1886 3.51% 
ATIID-4 31396 22.80% 28258 20.52% 3138 2.28% 
ATIID-5 9100 23.86% 7428 19.47% 1672 4.38% 
ATIID-6 18863 22.84% 16295 19.73% 2568 3.11% 
ATIID-7 11815 21.73% 9933 18.27% 1882 3.46% 
DD-1 39365 23.85% 36355 22.03% 3010 1.82% 
DD-2 14542 23.15% 12332 19.63% 2210 3.52% 
DD-3 8433 21.68% 6764 17.39% 1669 4.29% 
DD-4 15708 20.44% 13349 17.37% 2359 3.07% 
DD-5 19178 21.48% 16435 18.41% 2743 3.07% 
DD-6 22563 21.32% 19670 18.59% 2893 2.73% 
DD-7 106292 21.12% 101933 20.25% 4359 0.87% 
NB-1 13986 20.30% 11643 16.90% 2343 3.40% 
NB-2 16802 20.86% 14179 17.60% 2623 3.26% 
 346531 18.87% 308385 16.79% 38146 2.08% 
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Table 2 The relative abundance of different viruses and their hosts in different sediments sections. 
 
Virus % Host Phylum % Site 
Bacillus_ph
age_SPO1 
0.0020% 
Bacillus_subtili
s_group 
0.0004% DD-7 
Twortlikevi
rus 
0.0002% Staphylococcus 0.0016% DD-7 
Staphylococ
cus_phage_Twort 
0.0010% Staphylococcus 0.0016% DD-7 
Vibrio_phag
e_KVP40 
0.0048% 
Vibrio 
parahaemolyticus 
0.0048% ATII-1 
Prochloroco
ccus_phage_P-
SSM2 
2.6003% 
Prochlorococc
us_marinus_str._NAT
L1A 
0.0067% DD-1 
Prochloroco
ccus_phage_P-
SSM2 
2.4594% 
Prochlorococc
us_marinus_str._NAT
L1A 
0.0028% DD-7 
Prochloroco
ccus_phage_P-
SSM4 
0.1017% 
Prochlorococc
us_marinus_str._NAT
L2A 
0.0044% ATII-4 
Prochloroco
ccus_phage_P-
SSM4 
0.1085% 
Prochlorococc
us_marinus_str._NAT
L2A 
0.0048% DD-1. 
Prochloroco
ccus_phage_P-
SSM4 
0.0964% 
Prochlorococc
us_marinus_str._NAT
L2A 
0.0036% DD-7 
Bacillus_ph
age_SP10 
0.0044% 
Bacillus_subtili
s_group 
0.0044% ATII-4 
Bacillus_ph
age_SP10 
0.0085% 
Bacillus_subtili
s_group 
0.0061% ATII-6 
Bacillus_ph
age_SP10 
0.0042% 
Bacillus_subtili
s_group 
0.0004% DD-7 
Bacillus_ph
age_SP10 
0.0099% 
Bacillus_subtili
s_group 
0.0074% NB-2 
Deftia_phag
e_phiW-14 
0.0032% 
Delftia 
acidovorans 
0.0032% DD-7 
Enterobacte
ria_phage_vB_Kle
M-RaK2 
0.0327% klebsiella sp. 0.0024% ATII-1 
Enterobacte
ria_phage_vB_Kle
M-RaK2 
0.1550% klebsiella sp. 0.0097% ATII-6 
Enterobacte
ria_phage_vB_Kle
M-RaK2 
0.1288% klebsiella sp. 0.0078% DD-5 
Enterobacte 0.0918% klebsiella sp. 0.0010% DD-7 
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ria_phage_vB_Kle
M-RaK2 
Enterobacte
ria_phage_vB_Kle
M-RaK2 
0.1068% klebsiella sp. 0.0062% NB-2 
Prochloroco
ccus_phage_P-
SSM7 
0.2000% 
Prochlorococc
us_marinus_str._NAT
L1A 
0.0067% DD-1 
Prochloroco
ccus_phage_P-
SSM7 
0.1751% 
Prochlorococc
us_marinus_str._NAT
L1A 
0.0028% DD-7 
Ralstonia_p
hage_RSL1 
0.0036% 
Pseudomonas_
putida 
0.0012% DD-7 
Rhodotherm
us_phage_RM378 
0.0145% 
Rhodothermus
_marinus 
0.0188% ATII-1 
Rhodotherm
us_phage_RM378 
0.0283% 
Rhodothermus
_marinus 
0.0132% ATII-2 
Rhodotherm
us_phage_RM378 
0.0291% 
Rhodothermus
_marinus 
0.0036% ATII-4 
Rhodotherm
us_phage_RM378 
0.0221% 
Rhodothermus
_marinus 
0.0092% ATII-7 
Rhodotherm
us_phage_RM378 
0.0212% 
Rhodothermus
_marinus 
0.0042% DD-1 
Rhodotherm
us_phage_RM378 
0.0369% 
Rhodothermus
_marinus 
0.0085% DD-6 
Rhodotherm
us_phage_RM378 
0.0258% 
Rhodothermus
_marinus 
0.0020% DD-7 
Rhodotherm
us_phage_RM378 
0.0335% 
Rhodothermus
_marinus 
0.0074% NB-2 
Vibrio_phag
e_ICP1 
0.0014% 
Vibrio_cholera
e 
0.0014% DD-7 
Enterobacte
ria_phage_vB_Kle
M-RaK2 
0.0200% Klebsiella sp. 0.0024% ATII-1 
Enterobacte
ria_phage_vB_Kle
M-RaK2 
0.1162% Klebsiella sp. 0.0097% ATII-6 
Enterobacte
ria_phage_vB_Kle
M-RaK2 
0.1075% Klebsiella sp. 0.0078% DD-5 
Enterobacte
ria_phage_vB_Kle
M-RaK2 
0.0839% Klebsiella sp. 0.0010% DD-7 
Enterobacte
ria_phage_vB_Kle
M-RaK2 
0.0807% Klebsiella sp. 0.0062% NB-2 
Cyanophag
e_NATL1A-7 
0.2721% 
Prochlorococc
us NATL1A 
0.0067% DD-1 
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Cyanophag
e_NATL1A-7 
0.2720% 
Prochlorococc
us NATL1A 
0.0028% DD-7 
Bordetella_
phage_BPP-1 
0.0070% Bordetella 0.0018% DD-7 
Cyanophag
e_S-CBP1 
0.0012% 
Synechococcus
_sp._CB0101 
0.0056% DD-7 
Cyanophag
e_S-CBP3 
0.0030% 
Synechococcus
_sp._CB0101 
0.0067% DD-1 
Cyanophag
e_S-CBP3 
0.0018% 
Synechococcus
_sp._CB0101 
0.0056% DD-7 
Vibrio_phag
e_ICP2 
0.0014% Vibrio cholera 0.0014% DD-7 
Flavobacteri
um_phage_11b 
0.0044% 
Flavobacteriu
m sp. 
0.0062% ATII-2 
Flavobacteri
um_phage_11b 
0.0014% 
Flavobacteriu
m sp. 
0.0034% DD-7 
Synechococ
cus_phage_S-CBS4 
0.0094% 
Synechococcus 
sp. CB0101 
0.0044% ATII-4 
Synechococ
cus_phage_S-CBS4 
0.0042% 
Synechococcus 
sp. CB0101 
0.0067% DD-1 
Synechococ
cus_phage_S-CBS4 
0.0057% 
Synechococcus 
sp. CB0101 
0.0076% DD-6 
Synechococ
cus_phage_S-CBS4 
0.0038% 
Synechococcus 
sp. CB0101 
0.0056% DD-7 
Vibrio_phag
e_SSP002 
0.0012% 
Vibrio_vulnific
us 
0.0004% DD-7 
environmen
tal_samples_Phyco
dnaviridae 
0.0087% Ostreococcus 0.0130% ATII-4 
environmen
tal_samples_Phyco
dnaviridae 
0.0184% Ostreococcus 0.0210% ATII-5 
environmen
tal_samples_Phyco
dnaviridae 
0.0097% Ostreococcus 0.0036% ATII-6 
environmen
tal_samples_Phyco
dnaviridae 
0.0129% Ostreococcus 0.0092% ATII-7 
environmen
tal_samples_Phyco
dnaviridae 
0.0042% Ostreococcus 0.0061% DD-1 
environmen
tal_samples_Phyco
dnaviridae 
0.0077% Ostreococcus 0.0154% DD-3 
environmen
tal_samples_Phyco
dnaviridae 
0.0013% Ostreococcus 0.0169% DD-4 
environmen 0.0056% Ostreococcus 0.0056% DD-5 
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tal_samples_Phyco
dnaviridae 
environmen
tal_samples_Phyco
dnaviridae 
0.0076% Ostreococcus 0.0047% DD-6 
environmen
tal_samples_Phyco
dnaviridae 
0.0028% Ostreococcus 0.0034% DD-7 
environmen
tal_samples_Phyco
dnaviridae 
0.0131% Ostreococcus 0.0102% NB-1 
environmen
tal_samples_Phyco
dnaviridae 
0.0137% Ostreococcus 0.0124% NB-2 
Organic_La
ke_phycodnavirus 
0.0030% 
algae as 
Ostreococcus 
0.0061% DD-1 
Organic_La
ke_phycodnavirus 
0.0012% 
algae as 
Ostreococcus 
0.0034% DD-7 
Ostreococcu
s_tauri_virus_2 
0.0014% 
Ostreococcus_t
auri 
0.0026% DD-7 
Ostreococcu
s_virus_OsV5 
0.0024% 
Ostreococcus_t
auri 
0.0026% DD-7 
Environme
ntal_Halophage_e
HP-30 
0.0012% 
Nanohaloarcha
ea 
0.0016% DD-7 
Stenotropho
monas_phage_Smp
14 
0.0026% 
Stenotrophomo
nas_maltophilia 
0.0022% DD-7 
59 
 
 
Table 3 Blast results of Rhodobacter phage RcapMu in DD-7 sediment section 
queryId subjec
tId 
percId
entity 
alnLe
ngth 
mismatch
Count 
gapOpen
Count 
query
Start 
query
End 
subject
Start 
subjec
tEnd 
eVal bitSc
ore 
HZIQ6IU0
1BT0JO 
AP014
012 
88.1 42 5 0 127 2 16365 16240 8.00
E-18 
86.5 
HZIQ6IU0
1BT0JO 
AP014
012 
76.92 39 9 0 9 125 16247 16363 1.00
E-11 
66 
HZIQ6IU0
1BT0JO 
AP014
182 
85.37 41 6 0 127 5 1353 1231 1.00
E-17 
86 
HZIQ6IU0
1BT0JO 
AP014
182 
69.23 39 12 0 9 125 1235 1351 4.00
E-09 
57.4 
HZIQ6IU0
1BT0JO 
AP014
181 
85.37 41 6 0 127 5 12599 12721 1.00
E-17 
86 
HZIQ6IU0
1BT0JO 
AP014
181 
69.23 39 12 0 9 125 12717 12601 4.00
E-09 
57.4 
HZIQ6IU0
1BT0JO 
AP013
976 
70 40 12 0 121 2 8544 8663 8.00
E-13 
70 
HZIQ6IU0
1BT0JO 
AP013
976 
63.16 38 14 0 9 122 8656 8543 6.00
E-07 
50.2 
HZIQ6IU0
1BT0JO 
AP014
064 
69.05 42 13 0 127 2 26078 25953 1.00
E-12 
69.5 
HZIQ6IU0
1BT0JO 
AP014
063 
69.05 42 13 0 127 2 9174 9299 1.00
E-12 
69.5 
HZIQ6IU0
1BT0JO 
AP014
065 
66.67 42 14 0 127 2 27510 27385 5.00
E-12 
67.3 
HZIQ6IU0
1BT0JO 
HM48
0106 
73.68 38 10 0 118 5 10777 10890 5.00
E-12 
67.3 
HZIQ6IU0
1BT0JO 
AP014
359 
70 40 12 0 121 2 9248 9367 7.00
E-12 
66.8 
HZIQ6IU0
1BT0JO 
AP014
308 
64.29 42 15 0 127 2 13718 13593 9.00
E-12 
66.4 
HZIQ6IU0
1BT0JO 
AP013
941 
70 40 12 0 121 2 29655 29536 1.00
E-11 
65.9 
HZIQ6IU0
1BT0JO 
AP013
940 
70 40 12 0 121 2 29662 29543 1.00
E-11 
65.9 
HZIQ6IU0
1BT0JO 
AP013
935 
70 40 12 0 121 2 9251 9370 1.00
E-11 
65.9 
HZIQ6IU0
1BT0JO 
NC_01
5465 
71.05 38 11 0 115 2 11247 11360 4.00
E-11 
64.2 
HZIQ6IU0
1BT0JO 
JN190
960 
61.54 39 15 0 118 2 27055 27171 6.00
E-11 
63.7 
HZIQ6IU0
1BT0JO 
AP013
981 
54.76 42 19 0 127 2 8430 8555 9.00
E-10 
59.7 
HZIQ6IU0
1BT0JO 
AP013
809 
60 40 16 0 121 2 8427 8308 3.00
E-09 
57.9 
HZIQ6IU0
1BT0JO 
AP014
231 
52.38 42 20 0 127 2 7532 7657 6.00
E-07 
50.3 
HZIQ6IU0
1BT0JO 
AP014
230 
52.38 42 20 0 127 2 8840 8715 6.00
E-07 
50.3 
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Table 4 Genome length estimated by GAAS for each environment. DD-7 has the highest Shannon index and 
richness while ATII-1 and ATII-2 are the lowest with the smallest average genome size. 
 
Sections Richness 
Shannon Diversity 
index 
Average genome size 
(bp) 
ATIID-1 688 4.08244584 23970.49 
ATIID-2 661 4.236459848 11638.85 
ATIID-3 1106 5.346457286 33768.8 
ATIID-4 1323 5.342669564 33825.71 
ATIID-5 1164 5.291892553 34028.5 
ATIID-6 1272 5.357928389 34075.52 
ATIID-7 1237 5.389315187 34215.54 
DD-1 1278 5.264249967 36531.7` 
DD-2 1185 5.32654 34183.82 
DD-3 1132 5.203911551 33361.88 
DD-4 1285 5.385041188 34271.19 
DD-5 1184 5.347177942 34763.33 
DD-6 1278 5.255225067 34940.96 
DD-7 1662 5.441780865 32689.89 
NB-1 1128 5.342897025 34147.19 
NB-2 1062 5.364535192 33493.26 
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Table 5 Genome length estimated by GAAS for the metagenomes of each environment. ATBRINP and 
ATBRUCL have the lowest biodiversity (Shannon index and richness) whereas the water column at 50m 
(AT0050m) has the highest biodiversity. 
 
Section Shannon diversity index 
Rich
ness 
Average genome size 
AT0050m 5.74778 1682 25180.93 
AT0200m 4.73279 1417 31052.87 
AT0700m 4.51444 1040 31904.6 
AT1500m 4.714017 1275 34340 
ATBRINP 3.736399 203 35521.39 
ATBRLCL 4.889539 1298 34192.89 
ATBRUCL 3.69012 258 37417.76 
DDBRINE 4.84884 1065 26115.2 
DDBRINP 4.91046 990 27085.44 
KDBRINE 5.00522 470 47728.87 
KDBRLINP 5.41479 869 43007.62 
KDBRUINP 5.44425 1415 36208 
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Table 6 Blast results of Rhodobacter phage RcapNL found in the AT00700m water column. 
 
queryId subje
ctId 
percId
entity 
alnLe
ngth 
mismatc
hCount 
gapOpe
nCount 
query
Start 
quer
yEnd 
subjec
tStart 
subjec
tEnd 
eVal bitS
core 
GVLVA34
03GN797 
JQ06
6768 
68.89 45 14 0 3 137 30182 30316 1.00
E-07 
52.8 
GVLVA34
03GN797 
JQ06
6768 
66.67 45 15 0 3 137 30170 30304 9.00
E-07 
49.6 
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Table 7 Blast results of Rhodobacter phage RcapNL found ATBRLCL water layer. 
 
queryId 
subje
ctId 
percId
entity 
alnLe
ngth 
mismatc
hCount 
gapOp
enCou
nt 
query
Start 
quer
yEnd 
subjec
tStart 
subje
ctEn
d 
eVal 
bitS
core 
HOME8AE
02GEWUI 
NC_0
03309 
86.36 44 6 0 132 1 31471 31340 
2.00E-
22 
101 
HOME8AE
02GEWUI 
NC_0
03309 
85.71 42 6 0 2 127 31341 31466 
7.00E-
20 
93.1 
HOME8AE
02GEWUI 
NC_0
03309 
76.19 42 10 0 127 2 31466 31341 
2.00E-
13 
71.6 
HOME8AE
02GEWUI 
NC_0
03309 
73.17 41 11 0 125 3 31464 31342 
3.00E-
12 
68 
HOME8AE
02GEWUI 
NC_0
03309 
74.42 43 11 0 1 129 31340 31468 
7.00E-
12 
66.6 
HOME8AE
02GEWUI 
NC_0
26589 
84.09 44 7 0 132 1 46457 46588 
6.00E-
22 
100 
HOME8AE
02GEWUI 
NC_0
26589 
76.74 43 10 0 2 130 46587 46459 
1.00E-
15 
79.4 
HOME8AE
02GEWUI 
NC_0
26589 
59.52 42 17 0 4 129 46585 46460 
4.00E-
09 
57.4 
HOME8AE
02GEWUI 
NC_0
26589 
58.54 41 17 0 125 3 46464 46586 
2.00E-
07 
51.5 
HOME8AE
02GEWUI 
NC_0
26588 
84.09 44 7 0 132 1 48929 49060 
2.00E-
21 
98.7 
HOME8AE
02GEWUI 
NC_0
26588 
79.55 44 9 0 2 133 49059 48928 
1.00E-
19 
92.2 
HOME8AE
02GEWUI 
NC_0
26588 
66.67 39 13 0 128 12 48933 49049 
2.00E-
09 
58.8 
HOME8AE
02GEWUI 
NC_0
26588 
65 40 14 0 13 132 49048 48929 
4.00E-
09 
57.4 
HOME8AE
02GEWUI 
NC_0
26588 
64.1 39 14 0 133 17 48928 49044 
2.00E-
08 
55.1 
HOME8AE
02GEWUI 
NC_0
27334 
77.27 44 10 0 132 1 31496 31365 
4.00E-
21 
97.3 
HOME8AE
02GEWUI 
NC_0
27334 
72.09 43 12 0 5 133 31369 31497 
6.00E-
15 
76.7 
HOME8AE
02GEWUI 
NC_0
27334 
56.82 44 19 0 1 132 31365 31496 
5.00E-
08 
53.8 
HOME8AE
02GEWUI 
NC_0
23572 
85.71 42 6 0 132 7 36956 37081 
6.00E-
21 
96.8 
HOME8AE
02GEWUI 
NC_0
23572 
79.07 43 9 0 5 133 37083 36955 
5.00E-
19 
90.4 
HOME8AE
02GEWUI 
NC_0
23572 
60 40 16 0 133 14 36955 37074 
6.00E-
07 
50.1 
HOME8AE
02GEWUI 
NC_0
04683 
77.27 44 10 0 132 1 48612 48743 
3.00E-
20 
94.5 
HOME8AE
02GEWUI 
NC_0
04683 
82.5 40 7 0 8 127 48736 48617 
3.00E-
18 
87.6 
HOME8AE
02GEWUI 
NC_0
04683 
59.52 42 17 0 4 129 48740 48615 
5.00E-
08 
53.8 
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HOME8AE
02GEWUI 
NC_0
26585 
83.33 42 7 0 132 7 44156 44281 
5.00E-
20 
93.6 
HOME8AE
02GEWUI 
NC_0
26585 
78.05 41 9 0 8 130 44280 44158 
2.00E-
16 
81.7 
HOME8AE
02GEWUI 
NC_0
26585 
57.14 42 18 0 7 132 44281 44156 
1.00E-
07 
52.4 
HOME8AE
02GEWUI 
NC_0
05284 
83.72 43 7 0 132 4 31000 30872 
7.00E-
20 
93.2 
HOME8AE
02GEWUI 
NC_0
05284 
82.93 41 7 0 5 127 30873 30995 
2.00E-
17 
85.3 
HOME8AE
02GEWUI 
NC_0
05284 
73.68 38 10 0 127 14 30995 30882 
5.00E-
11 
63.8 
HOME8AE
02GEWUI 
NC_0
05284 
68.42 38 12 0 125 12 30993 30880 
8.00E-
09 
56.5 
HOME8AE
02GEWUI 
NC_0
05284 
69.23 39 12 0 13 129 30881 30997 
8.00E-
09 
56.5 
HOME8AE
02GEWUI 
NC_0
20205 
77.27 44 10 0 132 1 1132 1263 
2.00E-
19 
91.3 
HOME8AE
02GEWUI 
NC_0
20205 
65.12 43 15 0 2 130 1262 1134 
2.00E-
12 
68.5 
HOME8AE
02GEWUI 
NC_0
20205 
53.33 45 21 0 1 135 1263 1129 
9.00E-
07 
49.6 
HOME8AE
02GEWUI 
NC_0
26597 
75 44 11 0 132 1 51593 51724 
3.00E-
19 
90.9 
HOME8AE
02GEWUI 
NC_0
26597 
63.64 44 16 0 2 133 51723 51592 
1.00E-
13 
72.1 
HOME8AE
02GEWUI 
NC_0
03324 
72.73 44 12 0 132 1 54490 54621 
6.00E-
19 
90 
HOME8AE
02GEWUI 
NC_0
03324 
69.77 43 13 0 2 130 54620 54492 
2.00E-
13 
71.7 
HOME8AE
02GEWUI 
NC_0
03324 
60.47 43 17 0 1 129 54621 54493 
2.00E-
07 
51.9 
HOME8AE
02GEWUI 
JQ066
768 
77.27 44 10 0 132 1 24260 24129 
2.00E-
18 
88.1 
HOME8AE
02GEWUI 
JQ066
768 
74.42 43 11 0 2 130 24130 24258 
2.00E-
16 
81.7 
HOME8AE
02GEWUI 
JQ066
768 
58.14 43 18 0 1 129 24129 24257 
5.00E-
07 
50.6 
HOME8AE
02GEWUI 
NC_0
25427 
61.36 44 17 0 132 1 36943 36812 
2.00E-
15 
78.5 
HOME8AE
02GEWUI 
NC_0
25427 
60 40 16 0 8 127 36819 36938 
5.00E-
10 
60.3 
 
  
65 
 
 
Table 8 Blast results of Rhodobacter phage RcapNL found KDBRUINP water layer 
 
queryId subje
ctId 
percId
entity 
alnLe
ngth 
mismatc
hCount 
gapOpe
nCount 
 query
Start 
quer
yEnd 
subjec
tStart 
subjec
tEnd 
 eVa
l 
bitS
core 
GX6ON9A
01D0XPU 
NC_0
26597 
63.64 44 16 0 4 135 51440 51571 6.00
E-13 
70.3 
GX6ON9A
01D0XPU 
NC_0
26585 
62.79 43 16 0 4 132 44000 44128 1.00
E-12 
69.3 
GX6ON9A
01D0XPU 
NC_0
26588 
68.29 41 13 0 4 126 48749 48871 1.00
E-12 
68.9 
GX6ON9A
01D0XPU 
NC_0
26589 
65.85 41 14 0 4 126 46286 46408 3.00
E-12 
68 
GX6ON9A
01D0XPU 
NC_0
26589 
55.81 43 19 0 131 3 46413 46285 2.00
E-08 
55.1 
GX6ON9A
01D0XPU 
NC_0
04683 
60.98 41 16 0 4 126 48354 48476 4.00
E-12 
67.5 
GX6ON9A
01D0XPU 
NC_0
23572 
63.41 41 15 0 4 126 36722 36844 1.00
E-11 
66.1 
GX6ON9A
01D0XPU 
NC_0
27334 
61.9 42 16 0 4 129 31730 31605 3.00
E-11 
64.3 
GX6ON9A
01D0XPU 
JQ066
768 
63.16 38 14 0 1 114 24449 24336 4.00
E-10 
60.6 
GX6ON9A
01D0XPU 
NC_0
05284 
52.27 44 21 0 1 132 31219 31088 1.00
E-09 
59.3 
GX6ON9A
01D0XPU 
NC_0
25427 
50 44 22 0 4 135 37276 37145 2.00
E-07 
51.9 
GX6ON9A
01D0XPU 
NC_0
03309 
48.84 43 22 0 4 132 31687 31559 2.00
E-07 
51.9 
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Table 9 Other hydrothermal vents projects were analyzed using GAAS approach, their average genome size and 
their biodiversity were estimated using GAAS. 
 
BioProj
ect 
Accessio
n 
Run Title richness diversity 
Average 
Genome 
Length 
Sequencing 
technology/Ins
trument 
submitte
d by 
PRJNA
47471 
SRR10
0484 
Juan de Fuca Ridge 
hydrothermal vent 
uncultured phage 
metagenome 
477 4.28481 61983.7 
454 GS FLX 
Titanium 
Top of 
Form 
Broad 
Institute 
(BI)Botto
m of 
Form 
PRJNA
47485 
SRR10
0523 
4 samples from EPR 
hydrothermal vent 
uncultures phage 
metagenome 
679 2.05849 45668.9 
454 GS FLX 
Titanium 
Top of 
Form 
Broad 
Institute 
(BI)Botto
m of 
Form 
PRJNA
47487 
SRR10
0311 
4 samples from Guaymas 
hydrothermal vent 
uncultured phage 
metagenome 
198 1.85479 38640 
454 GS FLX 
Titanium 
Top of 
Form 
Broad 
Institute 
(BI)Botto
m of 
Form 
PRJNA
72707 
SRR34
1453 
Metatranscriptomic data 
from a population of 
Marine Group I Archaea 
obtained from the Gulf of 
California 
398 4.3388 44399.1 
454 GS FLX 
Titanium/Illumi
na HiSeq 2000 
paired end 
Universit
y of 
Michigan 
PRJNA
76611 
SRR36
3374 
Chimney of hydrothermal 
Vent Metagenome 
(microbes colonizing 
hydrothermal vent 
chimneys) 
13 1.85571 48700.3 454 GS FLX 
Universit
y of 
Hamburg 
PRJNA
77837 
SRR48
8330 
Guaymas basin 
metagenome 
501 4.60155 54828.7 
454 GS FLX 
Titanium 
Universit
y of 
Michigan 
PRJNA
78955 
SRR38
9127 
Microbial metagenomics 
in different depths of the 
terrestrial mud volcanoes, 
southwestern Taiwan 
346 4.00068 52257 
454 GS FLX 
Titanium 
Biodivers
ity 
Research 
Center, 
Academia 
Sinica 
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PRJNA
178514 
SRR60
9848 
Shallow-sea 
Hydrothermal Systems 
Metagenome (Datasets 
from the Shallow-sea 
Hydrothermal Systems 
Offshore NE Taiwan) 
379 4.26 58864.9 
454 GS FLX 
Titanium 
Xiamen 
Universit
y 
PRJNA
266758 
SRR16
53641 
Loki's Castle Metagenome 77 3.47072 106401 
454 GS FLX 
Titanium 
Universit
y of 
Bergen/D
ept. of 
Biology 
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